A central issue for understanding platinum group element (PGE) deposits in layered intrusions is whether they formed through gravitational settling or in situ deposition of sulphide-bearing cumulates on the chamber floor. A unique feature pertinent to this issue is the undercutting Merensky Reef (MR) of the Bushveld Complex, which is commonly associated with potholes, roughly circular depressions in which footwall rocks are removed by magmatic erosion. The undercutting MR forms sill-like apophyses of medium-to coarse-grained harzburgite and orthopyroxenite enriched in sulphide and chromite, which extend laterally from pothole margins into the footwall. They vary in thickness from 5 cm to 1-2 m and can be traced away from pothole margins for distances from a few centimetres to dozens of metres (in one case up to 300 m). Locally there may be several (six or more) apophyses of undercutting MR that are vertically stacked within the footwall cumulates in the vicinity of a single pothole. The most telling field, textural and geochemical features of the undercutting MR are as follows: (1) there is no evidence of deformation of igneous layering or rotation of xenoliths associated with these reefs; (2) thin reaction-type selvages of almost pure anorthosite after host leuconorite or mottled anorthosite are commonly developed along both margins of undercutting MR; (3) undercutting MR are mineralogically zoned; thin seams of chromitite are commonly developed along both margins and pass inwards into rocks with decreasing amounts of disseminated chromite; sulphides can be most abundant at the base, along both margins or in the centre of the apophyses; (4) undercutting MR are also compositionally zoned, with rocks displaying either an increase or decrease in whole-rock MgO content from the margins inwards; (5) undercutting MR are highly enriched in PGE, which are mostly controlled by sulphides and chromite, with the grade and tenor being comparable with those of the normal MR. A key inference is that the development of the undercutting MR within footwall rocks, in some cases many metres below a temporary chamber floor, completely eliminates their origin by gravitational settling from the overlying magma. In situ crystallization appears to be the only possible mechanism through which these zoned reefs could be produced. The undercutting MR is interpreted to develop along particularly amenable horizons at pothole margins through thermal/chemical erosion of the footwall rocks by superheated magma, followed by in situ crystallization within the resulting cavities. The cavities behaved as open systems where convection continuously supplied fresh magma, which crystallized from the margins inwards, producing mineralized cumulate rocks. The process may locally be accompanied by redeposition of crystals and sulphide droplets that originally grew in situ, but were torn loose and transported by flowing magma. The highly mineralized undercutting MR of V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
Models proposed to explain Merensky-type reefs in layered intrusions fall into two major groups: (1) orthomagmatic ones, which consider platinum group element (PGE) mineralization as an integral part of magma crystallization processes in the chamber; (2) hydromagmatic ones, which attribute PGE mineralization to volatile-rich fluids exsolved from cooling cumulate piles (see the review by Mungall & Naldrett, 2008; Cawthorn, 2011; Mungall, 2014; Godel, 2015) . Most recent studies on stratiform PGE reefs appear to favour an orthomagmatic approach and interpret them as the result of accumulation of highly PGE-enriched immiscible sulphide liquids on the temporary floor of the host magma chamber. Here we specifically focus on the orthomagmatic models, which can be subdivided into two major categories invoking either (1) gravityinduced settling of crystals from the overlying magma onto the chamber floor (e.g. Campbell et al., 1983; Barnes & Naldrett, 1986; Naldrett et al., 1987 Naldrett et al., , 2009 Naldrett et al., , 2011 Naldrett et al., , 2012 Naldrett, 1989; Barnes & Maier, 2002; Kinnaird et al., 2002; Cawthorn, 2005a Cawthorn, , 2011 , with (in some interpretations) subsequent sorting of minerals during late-stage slumping of the cumulate pile Maier et al., 2013; Forien et al., 2015) or (2) in situ crystallization of all minerals, including chromite and sulphides, directly on the chamber floor, accompanied by redeposition of the minerals in association with convection in the magma chamber (Campbell, 1977; Keays & Campbell, 1981; Irvine et al., 1983; Prendergast & Keays, 1989; Scoon & Teigler, 1994; Sharkov & Bogatikov, 1998; Wilson et al., 2000; Wilson, 2001; Latypov et al., 2008 Latypov et al., , 2013 Latypov et al., , 2015 . The resolution of this dilemma has an important implication for our understanding of processes of crystallization, differentiation of magma and formation of economically viable magmatic mineral deposits. For a variety of reasons, most layered intrusions hosting platinum deposits do not provide convincing field, mineralogical or geochemical evidence that would allow this longstanding petrological problem to be addressed. The most prominent exception to this rule appears to be the Bushveld Complex (Fig. 1 ) whose world-class PGE deposit, the Merensky Reef (MR), is disrupted by so-called potholes. These are near-circular to elliptical depressions with gently to steeply inclined sides in which some of the footwall cumulates are missing ( Fig. 2 ) (e.g. Ballhaus, 1988; Carr et al., 1994 Carr et al., , 1999 Viljoen, 1999; Smith & Basson, 2006; Hoffmann, 2010; Cawthorn, 2015; Latypov et al., 2015) . An unusual and enigmatic feature of the potholes is so-called undercutting MR, which occurs as broadly sill-like bodies extending laterally from pothole margins into the footwall (Leeb-du Toit, 1986; Ballhaus, 1988; Latypov et al., 2015) . This results in a situation where instead of having one normal MR in one-dimensional profiles such as drill cores one may end up observing several MR bodies of similar composition, apparently located at different stratigraphic levels (Fig. 2) . The undercutting MR thus appears to have developed entirely within the cumulate pile, rather than on the chamber floor as is the case with normal MR. This unusual position of undercutting MR provides important evidence for resolving the above dilemma of gravity settling versus in situ crystallization for the origin of platinum deposits in layered intrusions. Despite its potential importance, the undercutting MR has been largely neglected by the platinum research community and is almost unacknowledged within the literature. In a previous study we mostly focused on the normal and potholed MR and only briefly touched on the undercutting MR. An aim of this study is to rectify the situation through detailed documentation of field, textural and geochemical features of representative examples of undercutting MR. The primary intention of this study is to illustrate that the field relationships, textures and chemistry of undercutting MR provide evidence for the origin of platinum deposits in layered intrusions through in situ crystallization at a magma-cumulate pile interface. This inference is in line with the current view amongst many igneous petrologists that magmatic chambers develop by in situ growth, mostly inwards from their margins (Jackson, 1961; Campbell, 1978 Campbell, , 1996 McBirney & Noyes, 1979; Cawthorn & McCarthy, 1981; Wilson & Larsen, 1985; Jaupart & Tait, 1995; Naslund & McBirney, 1996; Tait & Jaupart, 1996; Kuritani, 1999; Jellinek & Kerr, 2001; Latypov et al., 2011 Latypov et al., , 2013 Latypov et al., , 2015 Namur et al., 2011 Namur et al., , 2015 Latypov & Egorova, 2012) .
THE BUSHVELD COMPLEX AND ITS PGE DEPOSITS
The Bushveld Complex and its many world-class ore deposits have been described in detail in numerous publications (Hall, 1932; Wager & Brown, 1968; Eales & Cawthorn, 1996; Lee, 1996; Prevec et al., 2005; Mondal & Mathez, 2007; Naldrett et al., 2011 Naldrett et al., , 2012 Maier et al., 2013; Vukmanovic et al., 2013; Junge et al., 2014; Cawthorn, 2015; Hutchinson et al., 2015) . It is sufficient to say that the Bushveld Complex incorporates the largest mafic-ultramafic layered intrusion on Earth, the Rustenberg Layered Suite (RLS), which encompasses about a million cubic kilometres of igneous rocks emplaced into the upper crust 2Á05 billion years ago as part of a major intracontinental magmatic event. This is preserved in several segments, the western, eastern and northern lobes being the largest (Fig. 1) . On the basis of mineralogy, the RLS is subdivided stratigraphically into five major units: the Marginal, Lower, Critical, Main and Upper Zones, constituting a total thickness of approximately 7-9 km. The Bushveld Complex is believed to be so astonishingly voluminous because it grew incrementally through the successive emplacement of numerous separate batches of magma of varying volumes and compositions (e.g. Eales et al., 1990; Kruger, 2005) . One of the world's largest deposits of PGE, the MR is located in the upper, cumulus plagioclase-bearing part of the Critical Zone (Fig. 1) . Our study focuses largely on the MR as developed in platinum mines in the western lobe of the Bushveld Complex (Fig. 1) . The MR is commonly described as a single package of chromite-and sulphide-bearing broadly orthopyroxenitic rocks (a few centimetres to 10-12 m in thickness) extremely enriched in PGE (up to 5000-10 000 ppm in sulphides) that is sandwiched between cumulate rocks almost totally devoid of chromite, sulphide and PGE (Cawthorn, 1999 ; Mitchell & Scoon, 2007) . The base of the MR truncates several metres of underlying cumulates on a horizontal scale of metres to kilometres and thus essentially overlies an igneous unconformity of regional extent (e.g. Eales et al., 1988; Viljoen, 1999; Smith et al., 2003; Roberts et al., 2007; Latypov et al., 2015) . The term 'normal' MR ( Fig. 2 ) is used for cases in which a sheet-like reef covers a relatively planar floor that has experienced rather uniform erosion with only locally observable transgressive relationships with footwall rocks. In addition, the MR covers local, nearly circular excavations, generally known as potholes, that cut into footwall cumulates to depths of 1-100 m (usually 10-16 m). The term 'potholed' MR is used for such areas (Fig. 2 ). Yet another important type of the MR, noted above but not yet thoroughly described in the literature (Leeb-du Toit, 1986; Ballhaus, 1988; Latypov et al., 2015) , is undercutting MR (Fig. 2) , which is the focus of this study.
The most spectacular and therefore commonly photographed variety of the normal and partly potholed MR consists of a single layer of pegmatoidal feldspathic orthopyroxenite bounded above and below by thin chromitite seams (Fig. 3a) . Despite the fact that much more complicated varieties of the MR are widely described in the literature (e.g. Leeb-du Toit, 1986; Viljoen & Hieber, 1986; Viljoen et al., 1986a Viljoen et al., , 1986b Kinloch & Peyerl, 1990; Viljoen, 1999; Viring & Cowell, 1999; Smith et al., 2003; Lionnet & Lomberg, 2006; Roberts et al., 2007; Moodley, 2008) , most petrological models are still concerned with explaining the textural and compositional features of this simple variety of the MR (e.g. Nicholson & Mathez, 1991; Barnes & Maier, 2002; Godel et al., 2006 Godel et al., , 2007 Godel et al., , 2008 Boudreau, 2008) . Much more difficult to interpret are varieties of the MR with 3-4 sublayers of pegmatoidal, feldspathic orthopyroxenite separated by thin chromitite seams (Fig. 3b) . Even more challenging to interpret are the MR varieties that additionally contain olivine-bearing pegmatoidal and/or non-pegmatoidal rocks. Field relationships between predominantly orthopyroxene-and olivine-dominant (up to 60-70% Ol) rocks of the MR are not yet fully documented. Thus such varieties of the MR are typically vaguely described as showing a continuous and gradational lateral and vertical range from orthopyroxenite to pegmatoidal harzburgite and dunite. Two exceptions are field-based studies by Smith et al. (2003) and Roberts et al. (2007) in which they described olivine-rich varieties of the MR from the Northam Platinum mine, western Bushveld Complex. In addition, one of the most detailed studies of the MR based on underground observations was undertaken by Alan Page over a period of 8 years (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) during his employment at the Rustenburg Platinum Mine in the western Bushveld Complex (Page, 2006) . Part of his research documented field relationships between orthopyroxene-and olivine-rich varieties of the MR and the most pertinent of these observations for our study are briefly summarized below and complemented by the first two authors' field observations at the Rustenburg Platinum Mine, western Bushveld Complex.
A complete section of the normal and potholed MR at the Rustenburg Platinum mine consists, from base upwards, of five separate layers: (1) feldspathic dunite to harzburgite; (2) pegmatoidal to non-pegmatoidal feldspathic harzburgite to olivine-rich feldspathic orthopyroxenite; (3) pegmatoidal feldspathic orthopyroxenite; (4) main orthopyroxenite; (5) minor orthopyroxenite. The pegmatoidal facies of layers 2 and 3 are further referred to for brevity to as MR pegmatoid and a layer 4 as MR orthopyroxenite. Although localities where the complete Fig. 2 . A sketch of a typical MR pothole at the Impala Platinum Mine, Western Bushveld (modified from Golenya, 2007) illustrating the transgressive relationship of the normal and potholed MR to its footwall. It should be noted that the potholed MR along the edge of the pothole is accompanied by undercutting MR bodies that are sill-like sulphide-and chromite-mineralized protrusions extending laterally from pothole margins into footwall rocks. The morphology of undercutting MR is depicted based on our personal observations from the Pilanesberg Platinum Mine and those of Ballhaus (1988) from the Rustenburg Platinum Mine. FW, footwalls; MID, middling.
section of the MR can be observed are extremely rare, the layers are easily identifiable as thin chromitite seams typically separate them. Commonly some of the layers are missing from the section, whereas at other localities the layers can be further divided into sublayers. For instance, the MR pegmatoid (pegmatoidal feldspathic orthopyroxenite) may locally consist of up to three sublayers (Fig. 3b) . Two prominent examples of the MR that are composed of three to four of the lowermost (including olivine-rich) layers are shown in Fig. 3c-f . Much more often, however, the section of the MR is reduced to two layers marked by the absence of olivine-rich rocks (e.g. Fig. 3a) . The upper and lower chromitites from a section of this type were studied by Vukmanovic et al. (2013) , who found that they had distinctly different compositions and microtextures.
The most important features of the complete sequence of the MR can be summarized as follows. (1) Olivine-rich rocks invariably occur at the base and are overlain by orthopyroxene-rich rocks (Fig. 3c-f) . (2) The contacts between all five layers are sharp, highly irregular and are commonly marked by thin chromitite seams (Fig. 3) . One can commonly observe that the chromitite seams truncate the immediately underlying rocks and thus overlie angular unconformity surfaces. These transgressive relationships between the layers are emphasized by small centimetre-scale protrusions into the underlying layers. (3) All five layers are variably enriched in sulphides and PGE, with the MR pegmatoid, which is commonly mined, being especially rich in PGE. The lowermost olivine-rich layer may, however, be totally devoid of sulphides and PGE. Similar field relationships between different layers of the MR were documented by Smith et al. (2003) and Roberts et al. (2007) at the Northam Platinum mine, western Bushveld Complex. Smith et al. (2003) , Page (2006) and Roberts et al. (2007) concluded that the olivine-and orthopyroxenerich layers of the normal and potholed MR are formed from separate pulses of magmas sequentially replenishing the chamber. The initial magma pulse is inferred to have induced thermochemical and mechanical erosion of earlier-formed footwall cumulates. Subsequent magma pulses resulted in intensive postcumulus recrystallization of the uppermost portions of previously formed MR rocks, developing pegmatoidal varieties and crystallizing chromitite seams that drape over the variably recrystallized erosional surfaces. The common absence of early formed olivine-rich rocks is attributed to their total erosion by later pulses of magma that crystallized orthopyroxene-rich rocks (Smith et al., 2003; Page, 2006; Roberts et al., 2007) . These interpretations are in line with the conventional explanation for the unconformities associated with all types of the MR as resulting from erosion of the temporary floor of the magma chamber during episodes of replenishment by new pulses of hot or superheated magma (e.g. Vermaak, 1976; Kruger & Marsh, 1985; Campbell, 1986; Eales et al., 1988; Cawthorn et al., 2005; Naldrett et al., 2011; Latypov et al., 2015 ; but note alternative views by Ballhaus, 1988; Boudreau, 1992; Carr et al., 1994 Carr et al., , 1999 . Replenishment of the chamber by new magma is supported by sharp regressions in the crystallization sequence and marked changes in whole-rock compositions and isotopic ratios that occur at or slightly above the MR (e.g. Naldrett et al., 1987; Kruger & Marsh, 1985; Naldrett, 1989; Kruger, 1992; Schö nberg et al., 1999) . The origin of the MR and its anomalous enrichment in PGE should thus be sought in the specific details of opensystem igneous processes and/or internal differentiation in the Bushveld magma chamber.
FIELD OBSERVATIONS
This study is principally based on underground observations of undercutting MR from the Rustenburg, Lonmin and Union Platinum Mines in the Western Limb of the Bushveld Complex (Fig. 1) . In addition, several important observations come from an open pit of the Pilanesberg Platinum Mine. Our field observations indicate that undercutting MR is always associated with potholes. These are relatively common at the base of the MR and have been observed to affect 4-30% of mined areas (Viljoen & Hieber, 1986; Viljoen et al., 1986a Viljoen et al., , 1986b Carr et al., 1994 Carr et al., , 1999 Hoffmann, 2010) . The size of potholes varies from a few centimetres to hundreds of metres in width and from a few centimetres to several tens of metres in depth. The smallest features are 'egg-carton'-like dimples with wavelengths and amplitudes in the millimetres to centimetres range (Campbell, 1986) . Several so-called regional potholes (or megapotholes) have been described that are several kilometres in extent and up to 100 m in depth (e.g. Lomberg et al., 1999; Viljoen, 1999; Smith & Basson, 2006; Roberts et al., 2007; Mitchell & Scoon, 2007 ). There appears to be little to no discernible pattern in the spatial distribution of MR potholes (Viljoen, 1999; Hoffmann, 2010) , although on a regional basis there are areas with an increased frequency of potholes (Carr et al., 1994 (Carr et al., , 1999 .
Open pit exposures of undercutting MR
A large-scale view of normal, potholed and undercutting MR is observable only from open-cast pits. Two spectacular examples of such outcrops from the Pilanesberg Platinum Mine are depicted in Fig. 4 . A cross-section in this part of the Bushveld Complex starts with Pseudo Reef harzburgite at the base followed upwards by about 10 m thick footwall (FW) mottled anorthosites that are in turn overlain by about 15 m thick MR orthopyroxenite. Notably, the lower contact of the mottled anorthosite layer tends to be flat and planar, whereas the upper contact is highly irregular. Two of the most important observations are (1) an abrupt change in thickness of mottled anorthosite along the strike and (2) several lateral protrusions of the MR orthopyroxenite into mottled anorthosite and one subvertical protrusion into Pseudo Reef harzburgite (Fig. 4b ) that are interpreted as undercutting MR. The protrusions have an intricate shape with a maximum thickness of about 2 m and a length of up to 8 m; additionally, an anorthosite inclusion is visible in one of the undercutting MR protrusions (Fig. 4b) . It should be noted that an MR pegmatoid (ranging in composition from olivine-free to olivine-rich orthopyroxenite with grain sizes greater than 5 mm) and chromitite are locally developed at the base of the MR orthopyroxenite, but are not depicted as a close examination of the outcrops is not possible for mine safety reasons.
Underground exposures of undercutting MR
A small-scale view of undercutting MR can be observed via underground exposures. These are difficult to access and are exposed for only a few days at most before they are destroyed by continuing mining operations. Consequently, the outcrops must be documented in a short period of time, usually only a few minutes, so as not to delay costly mining operations. This is a major reason why undercutting MR is so poorly documented within the literature. The following section presents the results of 3 years of fieldwork documenting the MR, which resulted in the observation of several very informative examples of undercutting MR in close association with potholes.
Example 1: undercutting MR with chromitite seams along subvertical margins This exposure displays a subvertical undercutting MR composed of sulphide-bearing pegmatoidal orthopyroxenite that protrudes downwards into footwall spotted anorthosite ( Fig. 5a and b) . The pegmatoidal orthopyroxenite is overlain by MR medium-grained orthopyroxenite. The protrusion has been developed within a relatively flat and planar portion of potholed MR. One notable feature of the exposure is the 1-2 cm thick chromitite seam that occurs at the subhorizontal to inclined base of potholed MR ( Fig. 5a and b) and persists along both margins of the protrusion even where they become subvertical ( Fig. 5c and d ). In addition, chromite is locally abundant within the body itself, especially in the basal part ( Fig. 5b and c) where it may constitute up to 20 vol. %. A further feature of interest is a thin selvage of almost pure anorthosite, developed after host spotted anorthosite, which is present along most margins of the protrusion ( Fig. 5c and d ).
Example 2: undercutting MR with chromitite seams along subvertical to overturned margins This small pothole occurs entirely within footwall mottled anorthosite ( Fig. 6a and b) . The thickness of the anorthosite abruptly decreases downdip and the contact to the MR becomes highly irregular. The irregular surface of mottled anorthosite is draped over by a 1-2 cm thick chromitite seam that is developed along steeply inclined, vertical and even overhanging sidewalls without any notable changes in thickness ( Fig. 6c  and d ). This is overlain by a sulphide-bearing MR pegmatoid (olivine-rich orthopyroxenite), which in turn is overlain by a barren medium-grained MR orthopyroxenite. The chromitite seam on the overturned sidewall is further illustrated via a cut slab and its X-ray fluorescence (XRF) image ( Fig. 6e and f) . We note that the pegmatoidal texture of olivine-rich orthopyroxenite is associated with large crystals of orthopyroxene that appear to consist of dozens of smaller ones that merged together, a feature first noted for Bushveld pegmatoidal rocks by Cawthorn & Boerst (2006) . The anorthosite displays the characteristic development of ortho-and clinopyroxene oikocrysts (Fig. 6f) ; however, there is a 2-3 crystal wide selvage of pure plagioclase along the steep contact. The chromitite itself is marked by the presence of plagioclase oikocrysts in the form of large subhedral laths and anhedral orthopyroxene oikocrysts (Fig. 6f ).
Example 3: undercutting MR with chromitite seams along subvertical to overturned margins This is the basal part of a small pothole located in mottled anorthosite that is notable in at least three aspects ( Fig. 7a and b) . First, it displays a highly undulatory contact between anorthosite and pegmatoidal orthopyroxenite, which is marked by a 2-3 cm thick chromitite seam developed as a 'rind' along the boundary of steeply inclined and sometimes overhanging depressions and culminations ( Fig. 7c and d) . Second, the pegmatoidal orthopyroxenite and chromitite seam are both truncated by the overlying MR medium-grained orthopyroxenite, which is especially well-displayed on the right-hand side of the exposure (Fig. 7a-c) . Third, pyroxene oikocrysts in the footwall mottled anorthosite are truncated by the chromitite seam ( Fig. 7c and d) . A local abrupt increase in the thickness of chromitite should also be noted (Fig. 7c ).
Example 4: undercutting MR with chromitite seams along subhorizontal margins
This exposure is remarkable in displaying undercutting MR that consists of one steeply inclined protrusion into the footwall mottled anorthosite that splits into two thinner subparallel sill-like bodies (Fig. 8 ). This reef is composed of pegmatoidal harzburgite/olivine-rich orthopyroxenite with a chromitite seam developed along margins of both steeply inclined and sill-like protrusions (Fig. 8) . Especially noteworthy are chromitite seams that occur along the upper contacts of both sill-like bodies. The undercutting MR is truncated by a further chromitite seam, which is overlain by medium-grained orthopyroxenite. Also to be noted are a local disappearance of a chromitite seam (dashed line) in the undercutting MR and the apparent lack of deformation of igneous layering in mottled anorthosite by the undercutting MR (Fig. 8 ).
Example 5: undercutting MR with anorthosite selvages, chromitite seams and sulphides along subhorizontal margins This is a sill-like body of MR underneath an autolith of footwall spotted anorthosite (Fig. 9) . The undercutting MR is composed of pegmatoidal olivine-rich orthopyroxenite to harzburgite with a chromitite seam developed along both lower and upper margins (Fig. 10a) . The seam is fairly thin (1-5 mm) and is locally discontinuous, which is best observed via a close-up photograph of a slab and its XRF image ( Fig. 10b and c) . A further interesting feature is $5 cm thick selvages of anorthosite along both margins of undercutting MR (Figs 9 and 10a). Similar selvages are commonly observed at the base of the normal MR (Viljoen et al., 1986a (Viljoen et al., , 1986b Ballhaus, 1988; Nicholson & Mathez, 1991; Hutchinson et al., 2015; Latypov et al., 2015) . In this case, the prominent oikocrysts in the anorthosite (Fig. 10c ) consist of olivine rimmed by orthopyroxene. Analysis of the undercutting MR indicates that disseminated sulphides are concentrated along the upper and lower margins (see below). However, this may be local enrichment as a second section taken along the dip of this body had the greatest abundance of sulphides within the central portion.
Example 6: undercutting MR with sulphides in the centre of the body This thin undercutting MR forms a steeply inclined protrusion into footwall spotted anorthosite, which subsequently deflects to a subhorizontal sill-like body (Fig. 11) . Unlike all examples above, this undercutting MR is not texturally pegmatoidal but is instead composed of medium-to coarse-grained orthopyroxenite (which is markedly coarser-grained than the surrounding spotted anorthosite). The undercutting MR is Closeup photographs (c, d) showing undercutting MR with a chromitite seam that drapes over vertical to overhanging sidewalls of the pothole. Photograph (e) and XRF image (f) of the upper portion of undercutting MR showing a chromitite seam that drapes over overhanging sidewalls of the pothole. It should be noted that orthopyroxene in the MR pegmatoid occurs as large single crystals that are probably formed by amalgamation of many previously separate, small orthopyroxene crystals. 22mE 9B RSE, Shaft 3 of the Karee mine, Lonmin Platinum, Western Bushveld Complex. Opx, orthopyroxene; Ol, olivine; Plag, plagioclase; Cpx, clinopyroxene; Chr, Cr-spinel; Sulph, sulphide. overlain by potholed MR, which consists of pegmatoidal olivine-bearing orthopyroxenite mantled by upper and lower 1 cm thick chromitite seams. In two places the lower chromitite seam shows an abrupt increase in thickness (up to 5 cm). The pegmatoidal MR is in turn overlain by medium-grained orthopyroxenite. Disseminated chromite is only sporadically observed along both contacts of undercutting MR (Figs 11 and 12b ). Both a slab and its XRF image indicate that sulphides tend to concentrate towards the central part of the undercutting MR (Fig. 12 ).
Example 7: undercutting MR with chromitite seams along subhorizontal margins and sulphides at the base of the body This undercutting MR forms a subvertical protrusion into footwall mottled anorthosite, which subsequently changes into a downdip subhorizontal sill-like body ( Fig. 13a and b) . The undercutting MR appears to represent an extension of planar, normal MR. Both reefs are composed of pegmatoidal harzburgite/olivine-rich orthopyroxenite with an $5 mm thick chromitite seam at the planar base of the normal MR ( Fig. 13a and b) , which persists along both margins of the subvertical and sill-like protrusion (Figs 13-15 ). Analysis of a slab surface ( Fig. 14a and d ) and chemical data (presented below) indicate that sulphides tend to concentrate towards the base of the undercutting MR and locally even form downward projecting veins highly enriched in sulphides (Fig. 14b) . Also of importance is a clear-cut truncation of single pyroxene oikocrysts in mottled anorthosite by pothole margins (Fig. 13c and d , yellow arrows). Also to be noted is a lack of deformation of igneous layering in the footwall rocks by the margins of the undercutting MR ( Fig. 13a and b ).
Example 8: undercutting MR with chromitite seams along subhorizontal margins and sulphides at the base In contrast to the above examples of undercutting MR that are associated with relatively small potholes, this example is associated with a regional-scale (>100 m in diameter) pothole in the Union Section Mine and is exceptionally well developed. It extends $300 m from a regional pothole $20 m below the normal position of the MR as a 15-30 cm thick sill-like body of sulphidebearing harzburgite to olivine-bearing orthopyroxenite with chromitite seams along both upper and lower margins. A sample of this undercutting MR with the top chromitite seam is displayed in Fig. 16 . Owing to a high PGE content (up to 50-60 ppm), this undercutting MR has been mined for $120 m along its length before it became subeconomic. Analysis of both a slab surface and chemical data (presented below) indicate that sulphides are concentrated towards the base of the slab. The available data do not, however, allow determination of whether sulphides are concentrated in the centre of undercutting MR (e.g. Fig. 12 ) or towards its base (e.g. Fig. 14) .
SAMPLING AND ANALYTICAL METHODS

Quantitative textural analysis
Three examples of undercutting MR, which represent the range of lithologies present within undercutting MR, were chosen for quantitative textural analysis through crystal size distribution (CSD) and crystal orientation analyses. Example 5 underlies a footwall autolith and is composed of pegmatoidal olivine-rich orthopyroxenite to harzburgite with discontinuous chromitite seams occurring along both lower and upper margins. Example 6 is situated completely within the footwall rocks and is composed of medium-grained orthopyroxenite without chromitite seams. Example 7 is also situated completely within the footwall rocks but is composed of pegmatoidal olivine-rich orthopyroxenite to harzburgite, which is bounded at both upper and lower contacts by continuous chromitite seams. CSD analysis of these rocks provides insight into the processes of development of the undercutting MR through quantification of the textures present, which reflect a continuous range of processes from primary nucleation and growth to postcumulus textural coarsening. Although the effects of textural coarsening are unavoidable within intrusive igneous rocks, many of the processes hypothesized to result in the development of the undercutting MR would affect the relative proportion of intercumulus melt within the solidifying rocks, and thus affect the resultant textures. For example, development of these rocks through slumping (see Leeb-du Toit, 1986) would most probably result in the remobilization and redistribution of intercumulus melt, thus resulting in the slumped cumulates displaying differing textures from those that did not undergo slumping. Therefore, this analysis provides insights into the development of the undercutting MR, which would be difficult to quantify through field observations or petrographic analysis alone.
This study has calculated CSDs following the method of Higgins (2000) . Textural data were obtained via hand tracing crystal outlines from photomicrographs of polished sections or for Example 6 an XRF image of the slab (owing to large crystal sizes). Samples bearing Cr-spinel were photographed in reflected light using an Olympus BX-63 OM/FM microscope. The orthopyroxene-bearing sample is medium-to coarse-grained (1-6 mm), thus a larger area was required for robust CSD analysis and therefore was analysed with the use of a grayscale XRF image of the slab. Plagioclase-bearing samples were photographed utilizing the Differential Interference Contrast (DIC) function of the Olympus BX-63 OM/FM microscope as an approximation of circularly polarized light (CPL). Under CPL all silicate minerals display their maximum birefringence, thus the visibility of lowbirefringence minerals such as plagioclase is enhanced (Higgins, 2010) . All texture maps were processed to obtain 2D crystal size data with ImageJ (Schneider et al., 2012) , then stereologically converted and plotted using CSDCorrections v. 1.4.0.2 (Higgins, 2012) , calculating crystal size as ellipse length. The data are plotted as population density (logarithmic number of crystals per unit volume) against crystal size intervals (maximum length) and plot profiles were interpreted following Marsh (1998, Fig. 7 ) and Higgins (1999, Fig. 8) . CSD data were collected only from footwall anorthosite, medium-grained orthopyroxenite and chromitite seams as these allowed for analysis of >200 crystals, which is the minimum threshold for a statistically robust analysis (Mock & Jerram, 2005) . The very large crystal sizes of the pegmatoidal olivine-rich orthopyroxenites would require analysis of very large polished blocks, which were not available to this study, thus the pegmatites were not analysed. Aspect ratios for each analysed mineral were calculated through the CSDSlice database (Morgan & Jerram, 2006) and correlated with the observed 2D crystal shapes via a petrographic microscope or hand specimen for large crystal sizes (>1 cm) and known crystal systems. The aspect ratios used were 1:1:1 for Cr-spinel, 1:1Á5:1Á6 for orthopyroxene and 1:1Á5:1Á5 for plagioclase. Any alignment of mineral shapes was determined through CSDCorrections and input to calculate CSD profiles. The smallest grain sizes reported are inferred to be the lower limit of the samples as the smallest crystals are easily visible under an optical microscope (cross-checked with XRF images).
Geochemical analysis
Three representative sections through undercutting MR 12-20 cm thick were selected and bulk chemical analyses were obtained across them. Rectangular slices 2-3 cm to 3-4 cm to 6-10 cm in size (100-300 g) covering the entire height of undercutting MR were cut using a diamond saw in the laboratory. In addition, one bulk composition for each of two small undercutting MR samples was obtained. silicon drift X-ray detector. Analyses were quantified using the Bruker ESPRIT software, which provides standardless semi-quantitative analyses for elements heavier than Na, with estimated detection limits for the given operating conditions and dwell times of $1000-2000 ppm for first-row transition metals. Maps were created using a 25-40 lm spot size on a 40 lm raster with dwell times of 10-20 ms per pixel. Maps are represented as un-quantified background-corrected peak height data for Ka peaks for each element.
PETROGRAPHIC AND TEXTURAL OBSERVATIONS
Three forms of undercutting MR have been observed: pegmatoidal harzburgite or olivine-rich orthopyroxenite, which is most common; medium-grained orthopyroxenite; and chromitite, the least common.
The pegmatoidal harzburgite and olivine-rich orthopyroxenite have a grain size up to 4 cm and are composed of 30-60% orthopyroxene, 10-45% olivine, 10-17% plagioclase, 2-8% Cr-spinel, 5% clinopyroxene and 0Á5-2% sulphide. Crystal shapes are typically euhedral to subhedral; however, some anhedral examples occur (Fig. 17a) . Plagioclase crystals most often have a subhedral form; however, large interstitial crystals also occur, with very irregular and cuspate contacts (Fig. 17b ). Similar to Cawthorn & Boerst (2006) we have observed rings of Cr-spinel included within large grains of orthopyroxene and olivine ( Fig. 17c ) and small plagioclase crystals with irregular and cuspate contacts included within orthopyroxene (Fig. 17d) . Cr-spinel crystals can contain inclusions; these are approximately spherical in form and are composed of phlogopite, plagioclase and orthopyroxene (Fig. 17e ). Most inclusions are distinct from the host silicate; only a minor proportion of inclusions (<5%) retain optical continuity with the host silicate. Sulphide minerals are anhedral and typically are present as inclusions within, or interstitial to, orthopyroxene and olivine (Fig. 17f) . The orthopyroxenite has a grain size between 1 and 6 mm, and thus is medium-to coarsegrained. It is typically composed of 60-80% orthopyroxene, 15-25% plagioclase, 3-5% clinopyroxene and 0Á5-2% sulphide. The orthopyroxene and clinopyroxene crystals are typically euhedral to subhedral whereas plagioclase is anhedral and interstitial (Fig. 12b) . The chromitite has a grain size between 0Á5 and 4 mm. It is typically composed of 50% Cr-spinel, 40% plagioclase, 5% orthopyroxene, 3% clinopyroxene and 2% sulphide.
The chromite seams at the basal and top contacts of the undercutting MR display a range of grain sizes from 0Á1 to 1Á5 mm and grain shapes range from spherical to lobate (Fig. 18 ). Circular inclusions are common and these are typically composed of orthopyroxene, plagioclase and phlogopite; sulphide inclusions are less common. Similar to the disseminated chromitites, typically <5% of the inclusions retain optical continuity with the host silicates; however, the chromitite seam associated with the normal MR in Example 5 has 30% of the inclusions retaining optical continuity; these may well be sections through highly concave embayments rather than true inclusions, based on the 3D textural observations of Godel et al. (2010) and Vukmanovic et al. (2013) . The basal chromitite seam from Example 7 ( Fig. 18a and b) is hosted partially within large clinopyroxene crystals that have long axes aligned approximately parallel to the contact to the footwall, and partially within the plagioclase crystals of footwall anorthosite (Fig.  18b ). Circular inclusions in Cr-spinel contain segments of plagioclase crystals that retain optical continuity with the surrounding plagioclase crystal. The top chromitite seam from Example 7 is almost entirely hosted within plagioclase crystals of the footwall anorthosite ( Fig. 18c and d). Crystal shapes vary from cubic to spherical and lobate; inclusions within Cr-spinel crystals are typically circular in 2D sections and contain phlogopite and plagioclase, but do not display any optical continuity with host plagioclase crystals. The top chromitite seam from Example 5 ( Fig. 18e and f) forms a discontinuous stringer at the contact between the olivine-rich orthopyroxenite and the footwall anorthosite. The bulk of the chromitite is hosted within plagioclase crystals of footwall anorthosite (Fig. 18f) . Cr-spinel crystal shapes vary from spherical to lobate. Some ($5%) circular inclusions of plagioclase retain optical continuity with host plagioclase crystals, whereas most (95%) inclusions (plagioclase and orthopyroxene) do not.
QUANTITATIVE TEXTURAL ANALYSIS
CSD data are presented in Fig. 19 , the input and output data are given in Table 2 , and the raw data and texture maps are located in the Supplementary Data Table C . Cr-spinel crystals were analysed from undercutting Examples 5 (Fig. 19a ) and 7 ( Fig. 19b) , which both display chromitite at the upper and basal contacts. All CSD plots display a downturn at smallest crystal sizes and curvature upwards at larger crystal sizes ( Fig. 19a and b) . Crystal sizes determined through CSDCorrections range from 0Á4 to 1Á7 mm and the slope values, calculated from linear regressions of the central portions of slopes, range between -12Á44 and -5Á85 mm -1 (Table 2) . Orthopyroxene was analysed from one undercutting Example 6 and the CSD plot shape is log-linear (Fig. 19c , R-squared correlation of 1Á00 for a linear regression) with a downturn at the smallest crystal sizes. Crystal sizes range from 0Á8 to 7Á5 mm and the slope value calculated from a linear regression is -1Á04 mm -1 (Table 2 ). Plagioclase crystals in the footwall rocks surrounding the undercutting MR were also investigated for insight into the development of these rocks. The CSD plots all display a downturn at the smallest crystal sizes and a general upwards curvature towards large crystal sizes. Crystal sizes range from 0Á1 to 2Á9 mm and slope values determined from linear regressions range from -4Á71 to -3Á58 mm -1 (Table 2) . Verification of the CSD data was performed through the calculation of closure limits, following Higgins (2002) . This ensures that the total calculated crystal content of the sample does not exceed that observed in the samples; that is, 50% for Cr-spinel, 70% for orthopyroxene and 90% for plagioclase. All data plot below their respective closure limits (Fig. 20) , therefore there is no internal inconsistency within the calculated data. Crystal shape orientations were measured from sections cut perpendicular to the visible fabric in outcrop, via CSDCorrections. This returns a value between zero (no alignment) and unity (perfect alignment). No alignment of crystal shapes was detected for the chromitites ( Table 2 ). The orthopyroxene crystals from Example 6 (Fig. 11 ) do have a preferred orientation of crystal long axes (0Á22, Table 2), which are approximately parallel to the contacts of the undercutting MR (Fig. 21a) . The plagioclase crystals in the footwall also display a preferred orientation of their long axes. The samples from within the footwall above and below the undercutting MR have comparable orientation values (0Á23-0Á30, Table 2 ), which are approximately parallel to the contact between the normal MR and the footwall and the apparent fabric within the footwall (Fig. 21b) . The orientation of plagioclase crystals above and below the contact to the undercutting MR has comparable values (0Á13-0Á21, Table 2 ); however, the orientation is approximately parallel to the contact (Fig. 21b ).
GEOCHEMICAL OBSERVATIONS
It seems logical to expect some distinct compositional difference, especially in terms of PGE abundance and distribution, between the reefs that are located entirely within the footwall rocks (undercutting MR) and those that form on the footwall rocks (normal or potholed MR). To test this hypothesis three undercutting MR (Examples 5, 7 and 8) were sampled and analysed in detail. Two are composed of olivine-rich orthopyroxenite to harzburgite (Example 5, Fig. 10a and Example 7, Fig.  14a ) and the third consists of olivine-bearing orthopyroxenite (Example 8, Fig. 16a ). In addition, two bulk analyses were conducted on undercutting MR of harzburgitic (Example 1, Fig. 5a ) and orthopyroxenitic (Example 6, Fig. 12a ) composition. In all cases, there was not enough material for a bulk analysis of chromitite seams along the margins of the bodies. It should also be noted that the data should be interpreted with caution, owing to the coarse-grained nature of the pegmatoidal samples. It has not been possible to determine to what extent the bulk composition is a reflection of the heterogeneous distribution of large crystals of silicate phases and blebs of sulphide minerals in our samples.
MgO, Cr 2 O 3 and TiO 2 distribution
Both examples of undercutting MR of harzburgitic composition are characterized by significantly higher concentrations of whole-rock Cr 2 O 3 (1Á6-4Á5 wt %; Fig. 22a and b) compared with that of orthopyroxenitic composition (0Á5-0Á8 wt %; Fig. 22c ). Such high Cr 2 O 3 concentrations in harzburgitic rocks translate into 2-8 vol. % of disseminated chromite, which is significantly higher than the expected cotectic proportions of chromite (1 vol. %) in association with co-crystallizing olivine, and much higher than expected with orthopyroxene (Barnes, 1986 ). There appears to be some tendency for chemical zonation in terms of major elements. In all three cases, whole-rock Cr 2 O 3 and TiO 2 tend to decrease from margins inwards, indicating an inward decrease in chromite abundance (away from nearly chromitite seams). In this process whole-rock MgO either increases (Fig. 22a) or decreases ( Fig. 22c) inwards, or remains almost constant across the entire body (Fig.  22b) . The highest concentration of whole-rock MgO is associated with the greatest amount of cumulus olivine and/or orthopyroxene. Neither normative composition nor petrographic observations indicate, however, any systematic distribution of olivine and orthopyroxene across the bodies.
Sulphur, Ni, Cu and PGE distribution
Sulphur content in the studied bodies varies substantially. Two undercutting MR of harzburgitic composition display drastically different ranges from 0Á3 to 3Á0 wt % ( Fig. 23a) and from 0Á1 to 0Á5 wt % (Fig. 23b) . The orthopyroxenite undercutting MR (Example 8) has a sulphur range between 1Á0 and 1Á5 wt % (Fig. 23c) . The two bodies with the highest S content ( Fig. 23a and c) have on average about 1Á5 wt %, which corresponds to $3 vol. % of sulphides in these rocks. This is again much higher than expected from cotectic crystallization of sulphides with olivine and orthopyroxene in basaltic systems (Cawthorn, 2005b; Barnes, 2007) . Also, chemical zonation is apparent, with the selected ore-forming elements systematically decreasing from the base towards the top (Fig. 23a) or increasing from the margins inwards ( Fig. 23b and c). Our visual observations indicate, however, that the patterns of sulphide distribution may change within the same undercutting MR body along its strike. It is evident that PGE are mostly controlled by sulphides and tend to be highest in the samples with the largest amount of disseminated sulphides (i.e. maximum S content). Chromite appears to have a lesser control on total PGE distribution (e.g. a body in Fig. 23b is low in PGE despite being rich in chromite). The total PGE grades are highest (up to 50-60 ppm; Fig.  23a and c) in undercutting MR with the largest amount of sulphides. These grades are comparable with those observed in normal and potholed MR from the same area (Fig. 24a) . The same is true for PGE tenor in sulphides (250-2200 ppm) and Pt/Pd ratios (1Á6-3Á6), which are close to those in our data ( Fig. 24b ) and in previously reported data for normal and potholed MR (e.g. Wilson & Chunnett, 2006; Naldrett et al., 2009; Hutchinson et al., 2015) . Importantly, there is no difference in the S-PGE correlations (Fig. 24a) between normal, potholed and undercutting MR. Both display a good correlation between PGE and S with an intercept at the origin, implying dominant sulphide control and similar tenors between the two groups. In addition, the shape of the chondrite-normalized PGE patterns of undercutting MR is nearly identical to that of normal and potholed MR (Fig. 25) .
REE distribution
All three undercutting MR datasets display similar chondrite-normalized REE patterns, which are defined by steep light REE (LREE) and relatively low and flat heavy REE (HREE) (Fig. 26a-c) . Eu anomalies (positive and negative) may be present or absent within the same undercutting MR body. There is no apparent systematic variation in the stratigraphic position of the sample with a particular type of Eu anomaly in cross-section of the bodies. Thus it is possible that this variation is due to heterogeneity as a result of the sampling process. In terms of REE pattern shape, overall abundance of REE and character of Eu anomaly, the undercutting MR is very similar to our data and literature data on normal and potholed MR (e.g. Wilson & Chunnett, 2006) , indicating essentially that there is no compositional difference between these types of MR (Fig. 26d) . The lack of Eu anomaly in some of our samples from undercutting MR is consistent with the mostly orthocumulate nature of these rocks.
DISCUSSION
Models for origin of undercutting MR
The mere existence of several apophyses of undercutting MR vertically stacked at different stratigraphic levels of the cumulate pile a few metres below the normal position of the MR is a great challenge for all existing models for the origin of platinum deposits in layered intrusions. Five major hypotheses can be examined as possible candidates for explanation of the origin of undercutting MR: (1) a mushy layer slumped into the underlying footwall cumulates (Leeb-du Toit, 1986); (2) crystallization of volatile-enriched melt trapped within footwall cumulates (Ballhaus, 1988) ; (3) crystallization of hydrous melt within footwall cumulates (Nicholson & Mathez, 1991) ; (4) sill-like injections of crystal slurries into footwall cumulates Maier et al., 2013; Forien et al., 2015) ; (5) in situ crystallization of magma in erosion-created cavities within almost solid footwall cumulates .
Model 1: a mushy layer slumped into the underlying cumulate pile Leeb-du Toit (1986) considered potholes developed through slumping of dense orthopyroxenite or chromitite layers into a semi-consolidated underlying anorthositic cumulate pile. This model implies that undercutting MR is a portion of normal MR (Fig. 27a) , which formed through gravity settling on the chamber floor, and then slumped as a mush into the underlying cumulate pile (Fig. 27b and c) . This scenario, however, does not correlate with the data generated in the present study. Most importantly, the model requires the footwall to be semi-consolidated, to allow for the plastic deformation required to form pothole depressions. There is, however, no textural evidence for any deformation within the footwall cumulates. The preferred orientation of the long axes of plagioclase crystals within the footwall cumulates is parallel to the regional dip trend in the sample location (Karee Mine) of $9 (Fig. 21b ) and identical to fabrics in the footwall cumulates of both normal and potholed MR. 0Á01  XRF  26Á22  44Á45  41Á21  41Á78  44Á40  45Á54  42Á09  50Á06  TiO 2  0Á01  XRF  0Á70  0Á20  0Á25  0Á18  0Á16  0Á16  0Á18  0Á23  Al 2 O 3  0Á01  XRF  14Á63  6Á92  7Á33  8Á55  8Á43  7Á90  7Á57  5Á92  FeO*  1Á01  XRF  19Á03  13Á77  14Á76  13Á63  12Á70  12Á68  14Á02  12Á88  MnO  0Á01  XRF  0Á18  0Á20  0Á19  0Á19  0Á19  0Á19  0Á19  0Á20  MgO  0Á01  XRF  12Á65  26Á06  25Á17  25Á22  25Á11  25Á04  24Á86  22Á59  CaO  0Á01  XRF  3Á94  3Á65  3Á46  4Á15  4Á44  4Á25  3Á86  3Á98  Na 2 La  0Á01  MS  1Á55  1Á71  1Á21  1Á85  1Á69  1Á62  1Á22  1Á72  Ce  0Á01  MS  3Á00  3Á37  3Á19  3Á66  3Á36  3Á06  2Á37  3Á75  Pr  0Á01  MS  0Á34  0Á40  0Á28  0Á44  0Á38  0Á39  0Á28  0Á47  Nd  0Á01  MS  1Á39  1Á71  1Á29  1Á62  1Á39  1Á50  1Á09  1Á99  Sm  0Á01  MS  0Á26  0Á37  0Á28  0Á33  0Á31  0Á35  0Á21  0Á51  Eu  0Á01  MS  0Á15  0Á14  0Á11  0Á16  0Á15  0Á13  0Á12  0Á14  Gd  0Á01  MS  0Á27  0Á40  0Á31  0Á34  0Á29  0Á37  0Á31  0Á65  Tb  0Á01  MS  0Á05  0Á06  0Á05  0Á05  0Á06  0Á06  0Á05  0Á11  Dy  0Á01  MS  0Á29  0Á43  0Á33  0Á31  0Á40  0Á47  0Á38  0Á79  Ho  0Á01  MS  0Á06  0Á08  0Á07  0Á08  0Á08  0Á09  0Á07  0Á20  Er  0Á01  MS  0Á20  0Á32  0Á25  0Á24  0Á28  0Á27  0Á26  0Á63  Tm  0Á01  MS  0Á03  0Á06  0Á05  0Á04  0Á05  0Á06  0Á04  0Á11  Yb  0Á01  MS  0Á22  0Á36  0Á28  0Á26  0Á33  0Á33  0Á29  0Á66  Lu  0Á01  MS  0Á04  0Á06  0Á05  0Á04  0Á05  0Á06  0Á05  0Á10  PGE (ppb)  Au  2  MS  1015  124  414  130  53  188  171  806  Os  1  MS  472  61  112  56  9  19  64  159  Ir  1  MS  728  92  150  83  18  28  84  167  Ru  1  MS  4337  484  819  372  85  153  443  1000  Rh  1  MS  2249  307  485  300  73  105  285  482  Pt  1  MS  24032  4138  6661  3721  848  1450  3056  8656  Pd  1  MS  6733  1601  2815  1283  380  680  1800  3735 (continued)
The truncation of single pyroxene oikocrysts in mottled anorthosite by margins of both MR potholes (e.g. Hutchinson et al., 2015; Latypov et al., 2015) and undercutting MR (Figs 7c, d and 13c, d) , provides evidence that at the time the undercutting MR developed, the footwall rocks, only a few metres below the normal stratigraphic position of the MR, were already rigid and almost solid. Further evidence for this comes from the CSD data for the anorthositic footwall rocks, as the slope patterns for the rocks above and below the undercutting body are identical (Fig. 19d) , indicating that they developed through the same geological processes. Determining primary processes of development through CSD analysis is difficult for Bushveld rocks owing to the extensive cooling time allowing for textural coarsening and compaction-driven recrystallization (e.g. Boorman et al., 2004) . Thus this study cannot definitively interpret the slope patterns for primary processes of nucleation and growth; that is, whether the upwards curvature at large crystal sizes (Fig. 19d) is indicative of primary accumulation of the plagioclase through gravitational settling or is the result of textural coarsening. The similarity of the profiles does, however, suggest that all samples developed through the same set of processes. We interpret this to reflect that accumulation of the plagioclase crystals forming the mottled anorthosite occurred prior to development of the MR. During solidification of the mottled anorthosite the 46Á36  45Á98  43Á85  42Á13  42Á64  43Á05  40Á73  22Á77  51Á02  50Á08  47Á02  TiO 2  0Á32  0Á29  0Á24  0Á26  0Á27  0Á25  0Á31  0Á70  0Á19  0Á16  0Á14  Al 2 O 3  7Á42  8Á61  7Á37  7Á10  6Á26  6Á10  6Á41  14Á70  4Á69  5Á25  7Á18  FeO*  12Á29  12Á30  14Á04  15Á10  15Á63  15Á96  16Á88  22Á11  10Á86  11Á78  11Á39  MnO  0Á19  0Á19  0Á20  0Á20  0Á20  0Á19  0Á19  0Á62  0Á17  0Á18  0Á20  MgO  21Á96  22Á00  24Á69  25Á31  24Á77  23Á56  22Á37  12Á20  24Á29  23Á78  22Á21  CaO  4Á19  4Á33  3Á60  3Á37  3Á13  3Á29  4Á04  3Á96  3Á84  3Á79  4Á33  Na 2 La  1Á56  1Á66  1Á57  1Á47  1Á28  1Á43  1Á06  2Á20  2Á08  1Á70  1Á91  Ce  3Á58  3Á40  3Á17  2Á97  2Á72  2Á93  2Á43  4Á20  4Á67  3Á50  3Á56  Pr  0Á50  0Á42  0Á35  0Á34  0Á30  0Á36  0Á34  0Á50  0Á53  0Á38  0Á44  Nd  1Á97  1Á83  1Á54  1Á53  1Á31  1Á35  1Á55  1Á50  2Á21  1Á58  1Á74  Sm  0Á47  0Á48  0Á35  0Á33  0Á29  0Á31  0Á45  0Á40  0Á51  0Á37  0Á37  Eu  0Á14  0Á16  0Á13  0Á13  0Á13  0Á12  0Á14  0Á20  0Á13  0Á13  0Á15  Gd  0Á64  0Á47  0Á34  0Á28  0Á36  0Á39  0Á49  0Á30  0Á66  0Á49  0Á42  Tb  0Á09  0Á08  0Á06  0Á06  0Á07  0Á07  0Á08  n.a.  0Á09  0Á07  0Á07  Dy  0Á69  0Á57  0Á42  0Á41  0Á48  0Á51  0Á67  0Á40  0Á55  0Á44  0Á47  Ho  0Á15  0Á12  0Á09  0Á09  0Á10  0Á12  0Á13  0Á10  0Á12  0Á09  0Á11  Er  0Á42  0Á39  0Á31  0Á30  0Á37  0Á46  0Á42  0Á30  0Á37  0Á30  0Á32  Tm  0Á07  0Á06  0Á06  0Á05  0Á05  0Á07 plagioclase crystals texturally equilibrated via coarsening (including overgrowth, Ostwald ripening, grain boundary curvature), and there is no evidence for modification of the samples or significant changes in the proportion of intercumulus melt, outside of the process of solidification, thus slumping is unlikely to have modified these textures. Instead, we suggest that at the time of development of the MR and the undercutting bodies, the mottled anorthosite was solidifying and had developed at least a semi-rigid framework of plagioclase crystals. This would mean that the footwall rocks were too rigid to undergo large-scale slumping during development of potholes and undercutting MR. The texture and mineral composition of the undercutting MR is also difficult to reconcile with a slumping model, as many of the examples display differing textures compared with the overlying potholed MR. Examples 3 and 4 show harzburgitic pegmatoid overlain by mediumgrained orthopyroxenite with (Fig. 8) or without (Fig. 7) an intermediate chromitite seam. Alternatively, Example 6 is composed of medium-grained orthopyroxenite overlain by a harzburgitic pegmatoid with a basal chromitite seam (Figs 11 and 12 ). These textural differences would be physically impossible to generate through simple slumping of two texturally different subunits.
Most importantly, a slumping mechanism is inconsistent with the presence of the delicate, persistent chromitite seams commonly developed along both upper and lower margins of undercutting MR. Any preexisting seam of normal MR would probably be substantially disrupted during slumping, and dispersed within the solid silicate component, resulting in chromite being randomly distributed throughout the entire body of undercutting MR (Fig. 27c) . The short transport distances envisaged in the development of the studied undercutting MR bodies (less than a metre in length) is unlikely to result in hydrodynamic sorting of the cumulates (e.g. Forien et al., 2015) , even if it was physically possible to segregate small chromite grains from viscous harzburgitic/orthopyroxenitic cumulates. In particular, slumping cannot account for the presence of chromitite seams along the upper margins of most apophyses of undercutting MR (Figs 8-10 and 13-16 ), or for compositional and textural differences within and between different chromite seams within the MR (Vukmanovic et al., 2013) .
Model 2: crystallization of volatile-enriched melt trapped in footwall rocks Ballhaus (1988) suggested that potholes represent localities of non-deposition (Fig. 28) in which the missing rocks simply did not crystallize as a result of locally high concentrations of dissolved C-H-O-S volatiles, which lowered the liquidus temperature of the magma and suppressed the crystallization of plagioclase. The volatiles are inferred to be derived from contact metamorphism of metasedimentary rocks immediately below the Bushveld Complex. These volatiles were focused upwards through the cumulate pile in spatially restricted regions, into the overlying melt, and accumulated at the level of the MR, resulting in local nondeposition (Fig. 28a) . The development of undercutting MR is attributed to crystallization of C-H-O-S fluidenriched depolymerized melt that was trapped by laterally advancing footwall anorthositic cumulates (Fig.  28b-d ). We disagree with this model for the development of potholes and associated undercutting MR for a number of reasons. The main one is that addition of volatiles, even locally, would have the effect of dramatically decreasing the density of the magma at the base of the chamber (e.g. Ochs & Lange, 1999) , causing its almost instantaneous removal by largescale convection in the chamber. As a result, a volatileenriched melt could not accumulate to the extent of suppressing the liquidus temperature, thus nondeposition at the base of the chamber should not normally be expected.
Another issue with this model is the source of the volatiles (CH 4 -H 2 -H 2 O). Ballhaus (1988) suggested that these are sourced from contact metamorphism of the floor rocks. The country rocks observed to be in contact with Bushveld cumulates are quartzite, shale, limestone and volcanic rocks (e.g. Van der Merwe, 2007; Wilson, 2012) . Although contact metamorphism of the underlying shale and limestone could give rise to a CH 4 -H 2 -H 2 O-rich fluid, these volatiles cannot be produced during metamorphism of the quartzite or volcanic rocks. Most importantly, however, whole-rock D/H data from a core through a pothole in the eastern Bushveld Cr-spinel UN-II-3  678  405Á14  4Á37  0  0Á78  5Á26  0Á08  -12Á44  UN-II-6A  541  89Á52  25Á76  0  1Á22  5Á27  0Á13  -7Á66  UN-IV-3A  235  55Á84  39Á19  0  1Á12  4Á37  0Á17  -5Á85  UN-IV-5  760  427Á77  6Á06  0  1Á24  3Á82  0Á15  -6Á81  UN-IV-9/10B  1017  78Á54  22Á26  0  0Á94  6Á63  0Á09  -10Á54  Orthopyroxene  Siphu1  592  3108Á90  67Á09  0Á22  7Á77  -1Á50  0Á96  -1Á04  Plagioclase  UN-IV-1  845  160Á29  81Á59  Strike  2Á72  3Á81  0Á28  -3Á58  parallel  UN-IV-2B 2  791  131Á82  86Á20  0Á22  2Á23  4Á14  0Á26  -3Á91  UN-IV-2B 1  1082  163Á64  87Á06  0Á21  2Á61  4Á00  0Á27  -3Á64  UN-IV-2-3A  598  124Á826  88Á41  0Á30  2Á52  3Á92  0Á27  -3Á69  UN-IV-9/10 B  527  74Á31  75Á16  0Á23  1Á92  4Á69  0Á21  -4Á71  UN-IV-9/10 A  724  107Á90  77Á98  0Á13  2Á38  4Á18  0Á26  -3Á92 SPO, shape preferred orientation from zero (no fabric) to unity (perfect alignment). Lmax, mean size of four largest crystals. y-intercept is y-axis intercept of linear regression. C i (characteristic length) ¼ -1/slope. Slope is gradient of linear regression.
Complex suggest little, if any, input of volatiles from the country rocks into the MR (Mathez et al., 1994) . Although some models indicate that volatile-rich fluids could be sourced from underlying cumulates (e.g. Nicholson & Mathez, 1991 ; see full discussion below), there is no geochemical evidence for enrichment of the MR by a residual fluid (Cawthorn & Boerst, 2006 ), thus we cannot envisage volatile-enriched melts playing a significant role in the development of the undercutting MR.
Model 3: crystallization of hydrous melt within footwall cumulates Nicholson & Mathez (1991) developed a model to explain the origin of the normal MR sequence, which can be extended to the undercutting MR. Boudreau (2008) has recently presented a more quantitative version of the same model. The Nicholson & Mathez (1991) model postulates the development of a competency boundary between interstitial melt-rich norite and overlying relatively crystallized orthopyroxenite (Fig. 29a) . Volatiles are introduced into the melt-rich norite as vapor via a series of high-angle fractures in the underlying rocks and are concentrated at the boundary as the fractures cannot propagate further upwards. Hydration of intercumulus melt results in melting/dissolution of norite and the overlying orthopyroxenite, developing a cavity filled with volatile-rich melt (Fig. 29b) . The space for the cavity is produced by upward-and downwardpropagating thermal/chemical erosion of cumulate rocks. The hydrous melt directly at the melting front becomes saturated in chromite because of the high concentraion of Al that derived from dissolution of the plagioclase-rich norite. As a result, chromite crystallizes in situ along both margins of the body. This is followed by crystallization of olivine that is subsequently partially to completely transformed to orthopyroxene via a peritectic reaction to produce pegmatoidal orthopyroxenite (Fig. 29c) . The resultant product is a layer of normal MR consisting of coarse-grained pegmatoid bounded by two chromitite seams (Fig. 29d) . Mobilization of the hydrous melt into the footwall rocks, potentially via one of the fractures, could develop the undercutting MR (Fig.  29b-d) . This model does not, however, specifically address how the normal MR became so enriched in PGE. This hypothesis belongs to a series of models that envisage a so-called non-sequential formation of layers in mafic-ultramafic intrusions (e.g. Mitchell & Scoon, 2007; Voourdow et al., 2009; Kruger, 2010; Mungall et al., 2016) . Such models have very straightforward predictions that can be used for rigorous testing of the models against field observations. In particular, the late formation of the normal MR implies that it must have crosscutting relationships with its surrounding rocks; in particular, with the overlying MR orthopyroxenite (Fig.  29b-d) . The opposite is clearly true, however. It is the MR orthopyroxenite that commonly transgresses the normal MR, not vice versa. This is obvious from an abrupt truncation of the normal MR by MR orthopyroxenite that may go with (Fig. 8) or without ( Fig. 7a and b ; see also fig. 22 of Latypov et al., 2015) its own basal chromitite seam. The erosion may proceed to the point of the complete removal of the MR pegmatoid along with its basal chromitite seam so that the MR orthopyroxenite is in direct contact with the footwall anorthosite (e.g. Fig. 7a and b) . The occurrence of this chromitite seam directly on the footwall anorthosite proves that it is not an integral part of the MR pegmatoid (as implied by Nicholson & Mathez, 1991) , but rather belongs to the overlying MR orthopyroxenite and developed independently of the pegmatoid (as suggested by Cawthorn & Boerst, 2006 ; see also Latypov et al., 2015) . The field observations thus unambiguously indicate that the MR pegmatoid was formed before the overlying orthopyroxenite. The observations also suggest that it must have developed directly on the chamber floor to be physically exposed to erosion by magma that later crystallized the overlying MR orthopyroxenite.
A closed-system crystallization of hydrous melt also predicts the formation of only one layer of pegmatoidal feldspathic orthopyroxenite (Fig. 29d) . The field observations, however, indicate otherwise. There are at least two separate layers of olivine-rich rocks of differing composition (Fig. 3c-f ) that can be overlain by up to three sublayers of pegmatoidal feldspathic orthopyroxenite (Fig. 3b) . Moreover, transgressive relationships are observed between all the sublayers of the MR, with erosional unconformity surfaces being commonly marked by thin chromitite seams (Fig. 3) . These surfaces invariably involve truncation of underlying units by overlying ones. It is documented that at the advanced stages of magmatic erosion, olivine-rich rocks are often completely removed, thus orthopyroxenite-rich rocks are in direct contact with the footwall noritic rocks (Smith et al., 2003; Page, 2006; Roberts et al., 2007) . Clearly, these features cannot be rationalized in the context of formation of the MR from a single batch of magma. Rather, they indicate that the MR formed from a series of successive melts of different composition, each of which eroded its precursor and developed chromitite seams on the erosional surfaces (Smith et al., 2003; Page, 2006; Roberts et al., 2007) . Again, this is possible only if the MR pegmatoid formed directly on the chamber floor, not within the cumulate pile (e.g. Latypov et al., 2015) . The model thus fails two fundamental tests based on field observations. It should be noted that the primary magmatic relationships between the MR pegmatoid and the overlying rocks (Fig. 3) must not be confused with postmagmatic ones such as the locally observed flame-like offshoots/ protrusions of the MR pegmatoid into adjacent rocks (e.g. Carr et al., 1999; Maier et al., 2013) . These are almost certainly related to late-stage mobility of the interstitial melt-rich mushy pegmatoid, a well-known behaviour of many mushy cumulate rocks in layered intrusions (e.g. Latypov & Chistyakova, 2000; Nex et al., 2002; Bé dard, 2015; Maier et al., 2016) . These observations are not an indication of the later emplacement of these layers but rather mark postcumulus mobilization owing to their higher content of interstitial liquid (i.e. the orthocumulate nature of these rocks). The model faces three other major problems, as follows.
1. It is envisaged that volatiles are entrapped in norite (Fig. 29a) owing to its relative enrichment in interstitial melt compared with the overlying relatively solidified orthopyroxenite (Nicholson & Mathez, 1991) . However, the development of a melt-rich norite remains unexplained (Nicholson & Mathez, 1991) . It is problematic as both petrography and chemistry indicate that the footwall mottled anorthosite/leuconorite rocks in the CZ are commonly much more adcumulate in nature (i.e. contain a smaller amount of trapped liquid rich in incompatible elements) than the MR orthopyroxenite (e.g. Wilson et al., 1999) . Thus there is no physical evidence for the postulated mechanism of fluid entrapment below orthopyroxenite. 2. To form chromitite seams, the mass-balance analysis dictates complete melting of an $55 cm thick protolith containing 2 wt % chromite (Nicholson & Mathez, 1991) . Following the model, the subsequent inward crystallization of the hydrous melt within the cavity develops an $20 cm thick PGE-rich MR pegmatoid with the remaining liquid being lost into the surrounding cumulates (Nicholson & Mathez, 1991) . If so, the lost liquid must have crystallized somewhere in the vicinity of this level into another PGErich pegmatoid layer that must be about twice as thick as the MR pegmatoid itself. Such a layer would almost certainly have been found by the intensive drilling and active mining that has occurred over many decades. Thus the failure to identify it casts doubt on the model. Alternatively, it could be argued that the protolith was anomalously enriched in chromite; that is, contained much more than 2 wt %. This, however, is petrologically very unlikely. 3. The model does not specify processes through which the MR became anomalously enriched in PGE. It simply attributes this either to introduction of all sulphide/PGE with the vapor that initiated hydration/ melting or to a proto-MR formed by accumulation of magmatic sulphides from the overlying magma (Nicholson & Mathez, 1991 Table 1. 2007). The absence of cumulates below these packages persists downdip for distances of several kilometres and there is therefore no source from which PGE could be scavenged to form the UG2 and MR. Furthermore, Os isotopic data preclude derivation of Os, and by implication the remaining PGE, from the underlying cumulates (McCandless & Ruiz, 1991) .
The disadvantage of the second possibility is that it leaves the formation of the pegmatoid to pure chance: the migrating fluids are supposed to be arrested exactly at the level where the PGE-rich MR developed. Although this is not geologically impossible, such a coincidence is difficult to envisage.
One can add to the above analysis that there are few textural and geochemical data to support the formation of the MR pegmatoid from a volatile-and incompatible element-rich melt. In particular, the large crystals in the pegmatoid do not display features of development as single crystals, as would be expected from free crystallization from a hydrous fluid in a cavity (i.e. a true pegmatitic growth; e.g. London, 2008 ), but instead they appear to be composite grains produced by amalgamation of many previously separate, smaller orthopyroxene crystals. In particular, Cawthorn & Boerst (2006 , p. 1512 indicated that orthopyroxene grains in pegmatoid 'contain inclusions, mainly of plagioclase, that have a very distinctive texture. The plagioclase grains have a tricuspidate shape with concave-inward boundaries that are reminiscent of interstitial plagioclase grains in normal pyroxenite. Occasionally, the enclosed plagioclase grains are associated with numerous small chromite grains that define elongate clusters, or even a tricuspidate shape. Complete rings of chromite grains also occur embedded inside a large orthopyroxene grain, and possibly define the shape and size of an original orthopyroxene grain.' Similar textural features are documented in our study as well (Fig. 17) . We therefore concur with Cawthorn & Boerst (2006) that the textures are not representative of primary igneous nucleation and growth, but rather are the result of post-cumulus textural recrystallization (annealing) of normal orthopyroxenite. In addition, geochemical data from several bore-holes show that, on average, the MR pegmatoid Fig. 23 . Plots depicting the stratigraphically constrained variations in S, Ni, Cu, PGE (total) and Pt tenor (Pt in 100% sulphide) across three undercutting MR (a-c) with top and basal chromitite seams. As implied by the high S content (1Á5 wt % on average), two undercutting MR in (a) and (c) are highly enriched in sulphides (above cotectic values) whereas that in (b) contains a cotectic amount of sulphides. Chromitite seams were not analysed. Original data are reported in Table 1. tends to have lower, not higher, abundances of incompatible elements (e.g. Zr and K 2 O) than the normal MR pyroxenite, opposite from what would be expected if the pegmatoid formed from residual hydrous melt (Cawthorn & Boerst, 2006 , p. 1521 ).
Model 4: sill-like injections of crystal slurries into footwall cumulates and Maier et al. (2013) have introduced a novel hypothesis to explain the origin of various magmatic deposits of the Bushveld Complex. The essence of this idea for the development of the MR is illustrated in Fig. 30 . A chamber is replenished by a new pulse of phenocryst-free, sulphide-undersaturated melt (Fig. 30a ) that crystallizes first orthopyroxene, chromite and IPGM (e.g. laurite) followed by later plagioclase and sulphide (Fig. 30b) to form a tens to hundreds of metres thick broadly differentiated mushy layer. The subsequent subsidence of the chamber results in downward slumping of the mushy layer and related gravity-and size-induced sorting of minerals into orthopyroxenite, norite and anorthosite in the down-dip direction. In this 'sieving' process the relatively dense chromite crystals and sulphide liquid percolate downwards through the slurry towards the base of the orthopyroxenite, forming the observed normal MR sequence. The mushy portion of the normal MR may also inject downwards into the anorthositic footwall to become the undercutting MR (Fig. 30c) . We have already noted, among several others (e.g. Cawthorn, 2011 Cawthorn, , 2015 Naldrett et al., 2012; Junge et al., 2014; Scoon & Mitchell, 2014) , that the model faces a range of very serious physical problems, such as the physical improbability of the postulated large-scale slumping and associated mineral sorting within a cumulate pile . Here we discuss the model in the context of the development of the undercutting/ normal MR.
A close look at the model reveals that mechanical sorting of minerals within a crystal mush is difficult to reconcile with the origin of the both normal/potholed (Fig. 3 ) and undercutting MR (Figs 5-16 ). Several crucial observations cannot be accounted for via this model, including the pegmatoidal textures of feldspathic orthopyroxenite. It is very difficult to envisage the development of such textures ( Fig. 3a and b) by mechanical sorting at the base of a tens to hundreds of metres thick cumulate pile. Multiple chromitite seams are present throughout the MR separating its layers (Fig. 3) . Mineral sorting in a slumping mush cannot result in the formation of multiple, delicate chromitite seams at varying stratigraphic levels. Olivine-rich rocks (dunite and harzburgite) always occur below orthopyroxene-rich rocks at the base of the MR (Fig. 3c-f ). These rocks contain olivine and orthopyroxene crystals that are similar in size and density, and therefore their physical separation during remobilization is impossible. Anorthosite rims occur below the basal chromitite seam and around the undercutting MR (Fig. 9 ) in almost all examples of undercutting MR; this again is hard to reconcile with processes of remobilization of crystals. The chromitite seams are commonly present along vertical to overturned sidewalls of potholes and occur along both upper and basal margins of the undercutting MR (Figs 5-10 and 13-16). Many outcrops indicate a progressive transgression of the MR pegmatoid by the overlying MR orthopyroxenite, which is interpreted to result in erosion of first the upper chromitite, then the pegmatoid and in extreme cases the lower chromitite (Figs 7a, b and 8), resulting in total disappearance of the normal MR. This removal is highly problematic for the model because it implies development of the entire MR Fig. 24 . Whole-rock S vs total PGE (a) and Pd/Pd ratio (b) for all undercutting, normal and potholed MR rocks (including chromitite seams) indicating that there are no compositional differences between these reef types. Original data are reported in Table 1 and Supplementary Data Tables A and B. sequence through a single event, and thus cannot account for transgressive relationships as the sequence is developed through mineral sorting in the one crystalrich slurry. Thus, the model is not reconcilable with our field and textural observations, and those documented by many other studies, including those of the authors themselves (e.g. Barnes & Maier, 2002; Godel et al., 2006 Godel et al., , 2007 Godel et al., , 2008 over the last several decades (e.g. Leeb-du Toit, 1986; Viljoen & Hieber, 1986; Viljoen et al., 1986a Viljoen et al., , 1986b Nicholson & Mathez, 1991; Wilson et al., 1999; Naldrett et al., 2009 Naldrett et al., , 2011 Naldrett et al., , 2012 Cawthorn, 2011 Cawthorn, , 2015 Hutchinson et al., 2015) .
A further and most significant issue with the model is the implied formation of the MR PGE resources by physical segregation of a cotectic proportion of cumulus sulphides ($0Á6 wt %) from the overlying norite, which accumulated towards the base of the slurry (Fig.  30b and c) . The data available indicate that disseminated sulphides in the silicate rocks overlying the MR have a tenor that is commonly less than 10 ppm (e.g. Naldrett et al., 2009; our unpublished data) . Clearly, the physical segregation of such sulphides will not result in any substantial change in their composition, but will only result in accumulation of sulphides above cotectic proportions, but with the same low tenor. There is a slight possibility of increasing their tenor by incorporation of IPGM (e.g. laurite), which are postulated to occur at the base of the slurry; however, this will have no effect on the contents of Pt and Pd, which are the most abundant noble metals in the MR. Thus there is simply no physical/chemical mechanism within a mush to enrich sulphides in PGE to the level observed in the MR (up to 5000-10 000 ppm; Naldrett et al., 2009; Hutchinson et al., 2015) . To get around this obstacle, it was argued (Maier et al., 2013, p. 43 and fig. 23 ) that the tenor of intercumulus sulphides in the overlying silicate rocks is not primary but was substantially lowered via reaction with PGE-depleted interstitial residual liquids, which were filter-pressed towards the top of the slurry. This explanation is, however, petrologically invalid as almost all of the PGE in the slurry are in sulphides; thus it is almost impossible to change their composition once they are formed. Even if it were possible to filterpress enough trapped liquid out of the MR to react with the overlying sulphides, this trapped liquid would be in equilibrium with the PGE-rich MR sulphides, and thus would not be PGE depleted. As a result, it would have the effect of increasing the tenor of the overlying disseminated sulphides, not decreasing it. Thus, in its present form the model does not offer any mechanism for reaching anomalously high PGE concentrations in the MR; it cannot therefore be considered as a potential explanation for the origin of platinum reefs in layered intrusions. Fig. 25 . Chondrite-normalized PGE patterns of three undercutting MR examples (a-c). Noteworthy features are the shape of these patterns and that the relative abundance of PGE is almost identical to those of normal MR (d). The data used for normalization are from Naldrett & Duke (1980) . Original data are reported in Table 1 and Supplementary Data Tables A and B. Model 5: in situ crystallization of magma in erosion-created cavities within almost solid footwall rocks
In our recent study we summarized a large body of field evidence that provides strong support for the origin of potholes and antipotholes (mound-like features composed of footwall rocks that stand above planar normal MR) through erosion of a temporary floor by new pulses of replenishing magmas (e.g. Vermaak, 1976; Kruger & Marsh, 1985; Campbell, 1986; Smith et al., 2003; Cawthorn et al., 2005; Roberts et al., 2007; Naldrett et al., 2011) . Our current study provides additional evidence in favour of this process. In particular, an abrupt change in thickness of mottled anorthosite along strike (Fig. 4) and its highly irregular top contact to the MR (Fig. 6 ) are strongly indicative of intensive erosion of anorthosite prior to crystallization of the overlying MR orthopyroxenite or sulphide-bearing MR pegmatoid. Importantly, in some cases (Fig. 7) MR pegmatoid itself has been eroded prior to the formation of the overlying MR orthopyroxenite. The erosional nature of the contact between these two subunits is evident from truncation of the pegmatoidal orthopyroxenite and chromitite seam by the overlying MR medium-grained orthopyroxenite (Fig. 7a-c) . Locally, the undercutting pegmatoidal MR and its marginal chromitite occur as an erosional remnant that is truncated by MR medium-grained orthopyroxenite and its basal chromitite (e.g. Fig. 8 ). Chromitites themselves also show evidence of intensive erosion; in particular, a local abrupt increase in the thickness of chromitite (e.g. Figs 7c and 11 ) may indicate that much of the initially thicker seam was eroded away prior to deposition of MR pegmatoidal orthopyroxenite. Additionally, the discontinuous nature of chromitite seams (e.g. Fig. 8b ) and sporadic development of disseminated chromite along both contacts of undercutting MR (e.g. Figs 11 and 12b) may suggest that previously developed chromitite seams were almost totally removed by erosion, prior to crystallization of the MR pegmatoid. Although there is little doubt that much of the pre-existing footwall rocks (as indicated by potholes and antipotholes) was eroded prior to crystallization of the MR, a point of debate is what type of magma was involved in this process and how exactly it eroded the footwall rocks.
Three possible mechanisms for erosion of footwall cumulates
Theoretically, the magmatic erosion of footwall cumulates can be accomplished by (1) a crystal-rich slurry (e.g. Eales & Costin, 2012; Maier et al., 2013) , (2) new hot melt at its liquidus but undersaturated in plagioclase (J. E. Mungall, personal communication, 2016) , or (3) new superheated melt (e.g. Campbell, 1986; Cawthorn & Boerst, 2006; Latypov et al., 2015) . The potential of each of these three scenarios is examined in detail (Fig. 31) . Barrat et al. (2012) . Original data are reported in Table 1 and Supplementary Data Tables A  and B. Scenario 1: mechanical erosion by flowing crystal-rich slurry Some petrologists believe that potholes/antipotholes can be attributed to mechanical abrasion of footwall cumulates by crystal-rich magmas (slurries). These are either intruded into the chamber from a deeper staging chamber (e.g. Eales & Costin, 2012) or developed in the chamber but at some point slumped downwards in response to central subsidence (e.g. Maier et al., 2013) (Fig. 31a) . It is believed that crystal-rich magmas (slurries) have much greater erosive power than a crystalfree magma. The idea stems from our everyday experience of the high erosive power of wind or water, in which suspended and transported particles move at high velocities in a turbulent flow regime and cause effective mechanical erosion of crustal rocks exposed on the Earth's surface. However, Glazner (2014) has recently indicated that simple reliance on intuition in this case is misleading. This approach is not applicable for magmatic crystal slurries (with up to 30-50 vol. % of crystals) because the viscosity of basaltic melts is several orders of magnitude higher than that of air or water. Crystals in such high-viscosity liquids are bound to the enclosing liquid by viscous forces and to one another by particle interactions, and thus do not move independently of it. As a result, magmatic crystal slurries may move at only very low velocities within the laminar range of fluid behaviour. To the best of the authors' knowledge, estimations of possible velocities of basaltic crystal slurries are not currently available, but they are unlikely to be greater than those of crystals settling in basaltic magmas (see fig, 2 of Glazner, 2014) . If this is true, then the velocity of the crystal-rich slurries, which move along the chamber floor in response to subsidence , will be less than 1 m day -1 and therefore their erosive power by mechanical abrasion will be insignificant. In addition, scouring of cumulates by flowing crystal slurries would be expected to result in linear channels, not near-circular depressions (Fig. 31a) . Circular potholes do indeed form in river beds by abrasion involving particles and pebbles that rotate in the flow and grind their way into the river bedrock. This is not, however, comparable in any sense with the formation of the MR potholes. River potholes always occur in the beds of channels. All available underground maps show that Merensky potholes are not aligned along linear trends. There is therefore no way to attribute the formation of regional potholes, of many kilometres in size (e.g. Smith et al., 2003; Roberts et al., 2007) , in the footwall of the MR to processes that would operate on these inferred timescales.
In addition, large-scale destabilization and slumping of cumulate piles should be a relatively rare feature in layered intrusions for one very obvious reason (Glazner, 2014, p. 937) : 'the textures that characterize plutonic rocks result as crystals grow onto and around each other, producing an interlocking matrix. Heat removal causes touching crystals to cement onto one another, solidifying the matrix against gravity flow and shear-sorting processes. Crystals in magmas are not inert, as are quartz grains in water; they are chemically precipitated by the enclosing liquid.' This statement is consistent with observations of layered cumulates developed on the steep walls and overhanging roofs of magma chambers (Campbell, 1978) . It is also fully consistent with our field and textural observations from the MR unit , and this study) indicating that cumulates are nearly solid only a few metres below the chamber floor and cannot therefore be involved in large-scale slumping and sorting processes. In this respect, one should not confuse the magmatic crystal slurries that may only slowly move along the slightly inclined chamber floor with crystal-charged debris flows associated with tectonically induced disruption and catastrophic downward collapse of gravitationally unstable portions of the cumulate pile along the walls and roof of the chamber (e.g. Irvine, 1974 Irvine, , 1987 . These high-velocity avalanches can indeed result in local erosion of floor cumulates and may result in crude densityand size-controlled sorting of a material involved in the flows (crystals, autoliths, xenoliths, etc.) to form spectacular examples of modally graded layering (e.g. Duke Island intrusion; Irvine, 1987) . These features are, however, easily recognizable in the field and do not correlate with any of our field observations associated with the MR.
We thus cannot envisage that magmatic crystal slurries contributed in any significant manner to the mechanical erosion of the floor rocks in the Bushveld magma chamber. Even if it were possible, this would only explain a transgressive relationship between the base of crystal slurry and footwall cumulates, but not between different rocks produced from the slurry itself. As indicated above, the complete section of the MR is composed of at least five separate layers marked by transgressive relationships between them and erosional surfaces draped by thin chromitite seams (e.g. Fig. 3 ; Smith et al., 2003; Page, 2006; Roberts et al., 2007; Latypov et al., 2015) . There is no rational interpretation of such relationships in the frame of the crystal slurry model: it cannot account for either the formation of the different layers of the MR or the cross-cutting relationships between them. More importantly, as we note above, the crystal slurry model does not envisage any mechanism for achieving the anomalous enrichment of the MR in PGE and does not explain most of its fundamental field and textural features.
Scenario 2: thermal/chemical erosion by flowing hot melt
Thermodynamic modelling indicates that the melting (assimilation) potential of hot primitive melt is enormous. The heat that makes the melting possible comes from the latent heat of melt crystallization, which should occur simultaneously with melting. As an illustration, picritic/komatiitic magma is capable of melting at least 50% of its own mass of country rocks (e.g. Mungall, 2007) . A primitive magma like B1 (e.g. Eales & Cawthorn, 1996) can probably melt several tens of per cent of its own weight in host minerals, while at the same time depositing similar masses of olivine and pyroxene to maintain thermal equilibrium. However, such modelling alone tells us nothing about the physical mechanism by which this melting can be accomplished. The problem is that, as soon as the magma that filled the chamber starts crystallizing, it forms a chilled margin that separates the magma from country rocks and therefore their further melting becomes impossible. One way to get around this obstacle is to have melting and crystallization taking place at different levels in the magma chamber. The simplest scenario is when magma crystallizes at the floor and supplies heat via convection to melt the roof rocks forming an anatectic granitic melt (e.g. Campbell & Turner, 1987; Huppert & Sparks, 1988; Campbell, 1996) .
Melting of footwall cumulates by a basal layer of hot and convecting magma is, however, a different process. In fact, it presents a physical challenge as the crystallization and melting processes cannot be so easily separated. One may assume, however, that melting of the floor rocks is accompanied by crystallization within the basal layer (not in situ, directly at the chamber floor). Thus melting and crystallization will occur simultaneously, but at different levels in the basal flow, therefore the heat required for melting of the floor cumulates will be derived from simultaneous crystallization of suspended minerals. A problem with this suggestion, however, is that convecting magma is unable to keep crystals in suspension for significant periods of time. Upon reaching critical concentration (typically only 0Á002-0Á03 wt %; Sparks et al., 1993 ) the crystals formed within the magma will be deposited on the chamber floor from downward plunging parts of slowly moving convecting currents, because the velocity at the base drops drastically (e.g. Martin & Nokes, 1988 , 1989 . As a result, the melting of footwall rocks by hot magma will be shut down almost immediately.
To get around this obstacle, J. E. Mungall (personal communication, 2016) suggested that melting of footwall rocks may take place by narrow sill-like injections (a few tens of metres thick) of hot magma into the cumulate pile (Mungall et al., 2016) (Fig. 31b) . It is suggested that a new magma spreads rapidly along the floor of the sills where it chemically/thermally erodes the rocks and crystallizes new phases (mostly olivine, orthopyroxene and plagioclase) within the flow at the same time. Melting of orthopyroxene-bearing floor rocks results in local saturation of the lowermost melt in chromite and related deposition of chromitite seams. Thus melting and crystallization will occur simultaneously, but at different levels in the basal flow. It is assumed that as long as the new magma is in motion and spreading across the floor it is capable of carrying a large amount of suspended crystals. Once the flow halts, all the crystals will drop out to the floor to form the chromite-orthopyroxenite-norite sequence observed in the MR. This is the point at which melting of footwall rocks no longer becomes possible. The time period available for the melting is thus limited by magma flowing from the point of entry to the point of its halt. This idea is attractive but not, however, consistent with several field observations.
The velocity of a basaltic magma replenishing a basaltic chamber as laminar flows is estimated to be about 1 km day -1 (Snyder & Tait, 1995) . At the 1 km day -1 velocity of magma flow, and assuming a single central feeder channel, the entire floor of the sill at the level of the MR (taken at 200 km in radius) will be covered in several months. The floor will be flooded much faster if the magma velocity is greater and if magma is supplied via several feeder channels. Both field observations (e.g. Swanson, 1973; Kauahikaua et al., 1998) , and theoretical and experimental investigations (e.g. Kerr, 2001 Kerr, , 2009 show that the thermal erosion of the underlying ground by laminar flows of basaltic lavas is in the range of several centimetres per day on timescales of several months. At such rates of thermal erosion the basaltic magma flows can excavate meandering channels several metres deep and tens of kilometres long with laterally continuous walls in the footwall rocks (Fig. 31b) . Channels in sills develop because there are barriers to the spread of the flow (i.e. the necessity to lift or melt the roof rocks). These barriers cause flow to concentrate along particular preferred pathways, which therefore tend to stay hot, causing a feedback loop that drives the selforganization into channels. The closest analogues of such features are well-known erosional channels below komatiite flows on Earth (e.g. Williams et al., 1998 Williams et al., , 2011 , lunar sinuous rilles (e.g. Hurwitz et al., 2013) and Martian channels (e.g. Carr, 1974; Wilson & Head, 1994) . Because erosion is not envisaged after the magma flows halt and the chamber floor is covered by settling crystals, the meandering channels must be well-preserved and easily observable at the level of the MR. This is not the case. As mentioned above, all available underground maps show that Merensky potholes are roughly circular and are not aligned along any meandering trends (e.g. Carr et al., 1994 Carr et al., , 1999 Chitiyo et al., 2008; de Waal et al., 2008; Hoffmann, 2010) . They seem to be distributed randomly, making their distribution almost impossible to predict during mining activities. The model thus fails one of the most fundamental field-based tests.
In addition, the model is not compatible with three other characteristic features of the MR: (1) the gravity-induced settling of crystals on the chamber floor is at variance with the development of chromitite seams along the vertical to overhanging sidewalls of the MR potholes (Figs 5-10 and 13-16) as well as the morphology of igneous layering in potholes (e.g. Latypov et al., 2015) clearly indicating in situ crystallization; (2) a massive dumping of suspended crystal cargo on the chamber floor after the flow had come to a halt implies fast accumulation of unsorted cumulates and leaves therefore little chance to explain such textural features of the MR as basal dunite/harzburgite layers (Fig. 3c-f) , pegmatoidal orthopyroxenite bounded by thin chromitite seams ( Fig. 3a and b) and close association of sulphides with pegmatoidal orthopyroxenite; (3) a massive dumping of suspended sulphides together with silicate minerals on the chamber floor is also difficult to reconcile with a dramatic decrease in PGE tenor of sulphides from 2000-5000 to less than 10 ppm over a distance of only 1 m above the MR (Naldrett et al., 2009). Scenario 3: chemical/thermal erosion by convecting superheated melt Magma superheating and its erosive capability. Magma superheating is not normally a consequence of mantle melting or intra-chamber fractional crystallization and is therefore commonly considered to be a rare phenomenon in nature. There are, however, several plausible mechanisms by which magmas may become superheated. We favour the one in which the rapid ascent of large volumes of magma from depth (so that cooling is negligible) results in superheating owing to the difference in slope between the adiabatic gradient and the liquidus. This difference is about 3 C km -1 and thus the degree of superheating could be up to 10-30 C for magma ascending from a storage region located at a depth corresponding to a pressure difference of about 10 kbar (an assumed position of a staging chamber at the Moho). Initial superheating of magma can be further increased by mixing of the new magma with the resident magma upon entry into the chamber (e.g. Irvine et al., 1983; Campbell, 1986 Campbell, , 1996 Campbell & Turner, 1986 , 1989 as well as by assimilation of plagioclaserich footwall cumulates (Campbell, 1986; Latypov et al., 2015) .
If we accept the idea that the Bushveld chamber was replenished by basal flows of dense, primitive and superheated magma (Fig. 31c) then it is possible to make some rough estimates of the quantity of magma that would be required to cause the observed erosion and how long this process would take. The ratio of melt (R) required to dissolve a given amount of cumulate can be defined as
where q s is the density of the solid (¼ 3Á00 g cm ), C p is heat capacity (¼ 1Á34 J g -1 C -1 ), and DT s is superheat (¼ 10 C). It should be noted that in this equation the (q s L s ) term is the heat required to dissolve a given volume of solid, whereas the (q l C p DT s ) term is the heat available in the melt for dissolution. Inserting the above values into the equation yields the following results:
Thus to dissolve 15 m of cumulates, one would need at least 15 Â 25Á83 % 388 m of melt that is superheated by 10 C. The rate of dissolution in such a situation has been quantified by Kerr (1994) , who estimated it to be in the range of 5Á5-10 cm a -1 . It would therefore take a maximum of 273 years (15/0Á055) to regionally dissolve 15 m of floor cumulates by a 388 m thick column of magma superheated by 10 C. The cooling of the melt layer by dissolution of footwall rocks is expected to be insignificant (e.g. cooling rate is estimated to be only 0Á013 a -1 for a 1 km thick layer of melt; Kerr, 1994 ) so that even after several hundred years, the magma may still remain superheated. It is important to note that the calculations are sensitive to input parameters and by increasing the degree of magma superheating we can, for example, substantially decrease the column of magma needed to melt the rocks and vice versa. Similarly, by taking the rate of dissolution at the higher end, we can almost double the rate of the dissolution process. Thus these simple calculations illustrate that erosion of a substantial amount of footwall rocks by melting/dissolution is possible, and can be achieved by a melt that is only slightly superheated relative to its liquidus temperature. There is enough heat available in such a superheated magma to accomplish the required dissolution and, most importantly, during this process it will not crystallize, allowing a continuous direct contact between the superheated magma and the footwall rocks. MR antipotholes indicate that at least 10-15 m of flat-lying footwall rocks were regionally eroded away (Latypov et al., 2013) .
The above estimates are for the stage when magma has already flooded the entire chamber and dissolution of footwall rocks takes place by vigorous convection within a basal layer of superheated magma (Fig. 31d) . This stage will be preceded by magma spreading across the bottom of the chamber as basal flows (Fig. 31c ). These are supposed to have formed as a highvolume, rapidly emplaced surge over an essentially solid floor, such that there was no mechanical scouring of the type that happens with submarine turbidity currents or gravity density currents (Fig. 31a ) and there were no meandering erosional channels of the kind that occurs with narrow sill-like injections into the cumulate pile (Fig. 31b) . The meandering channels do not form in this case because a thick layer of magma that quickly floods the entire base of the magma chamber does not come across any physical barriers during its spreading. All that is thus expected during this first stage is a regional-type erosion of the cumulate pile by flowing superheated melt (Fig. 31c) .
It is important to mention that the experiments by Campbell (1986) indicate that the formation of potholes at the second stage by convection-driven dissolution is not a self-reinforcing process; that is, to make a steepsided deep pothole, there has to be a pre-existing weakness in the cumulate pile that allows the magma to penetrate well below the temporary floor of the chamber. This defect is then deepened and widened by the erosion. One possibility for the development of these defects is through rupturing and downslope sliding of layers in the chamber floor, probably in response to loading associated with entry of new magma into the chamber (Carr et al., 1994 (Carr et al., , 1999 . These initial fractures may have formed weaknesses that could subsequently be exploited by thermal/chemical erosion in association with convecting magma to form subcircular potholes (e.g. Campbell, 1986) . The other possibility is through the operation of accretionary growth faults inherited from original country rock structures that continue to assert an influence on the growing crystal pile through the history of the intrusion.
To summarize, in the scenario involving superheated melt the erosion of footwall cumulates takes place in two stages: (1) lateral flow of magma across the floor during chamber replenishment (Fig. 31c) ; (2) dissolution-erosion of the floor beneath the convecting basal layer established in stage (1) (Fig. 31d) . The rate of erosion in the first stage is relatively fast (a few centimetres per day) and would take several weeks to months, whereas that in the second stage is relatively slow (a few centimetres per year), but over a time scale of several hundred years. Erosional processes in the second convecting stage are therefore likely to be predominant. Erosion is achieved by convecting magma in a basal layer and results in the formation of large potholes, potentially in places with pull-apart ruptures resulting from magma loading (e.g. Carr et al., 1994 Carr et al., , 1999 . This scenario is different from the ones involving the slumping crystal slurries across the chamber floor (Fig. 31a) and the flowing hot (non-superheated) melt in sills (Fig. 31b ) in that these include the first stage only. The models may produce linear (Fig. 31a) or meandering erosional channels (Fig. 31b) , but not subcircular potholes. It is a key disadvantage of these models, as the former are absent whereas the latter are abundant at the level of the MR.
Evidence supporting the chamber replenishment by dense, primitive and superheated magma A fundamental question is whether or not the MR was formed in association with replenishing pulses of magma that were dense, primitive and superheated. Although the distinctive isotopic break at the level of the MR leaves no doubt that a major replenishment event occurred at this level, there is a body of opinion that magma additions at the level of the MR were not hot or primitive. Where the magma source is constant, pulses of primitive magma, by definition, must possess a higher Mg# [i.e. molar Mg/(Mg þ Fe)] than the resident melt from which the immediately underlying rocks were crystallizing. Primitive injections should therefore be marked by the presence of orthopyroxene with higher Mg# at the levels where new minerals developed from those injections. The presence of such compositional discontinuities is commonly observed in many layered intrusions and constitutes the primary evidence for injections of new batches of primitive magma (e.g. Irvine, 1970; Emeleus et al., 1996; Alapieti & Lahtinen, 2002) . No significant discontinuities are, however, present in compositional profiles of cumulus orthopyroxene across the MR (e.g. Kruger & Marsh, 1985; Nicholson & Mathez, 1991; Mathez et al., 1997; Mitchell & Scoon, 2007) . This complete lack of reversals in cumulus mineral composition is taken as an unambiguous indication for a lack of superheated, primitive magmas entering the Bushveld chamber as the upper part of the Critical Zone formed. Further, it has been documented that the primary Mg# of orthopyroxene drops from 82 to nearly 80 when passing from footwall norite to MR orthopyroxenite, which has been interpreted as evidence for replenishment of the chamber by magma that was more evolved than the resident melt (e.g. Cawthorn, 1996; Wilson et al., 1999) .
To our mind, the above statements stem from a too narrow interpretation of what should be considered as evidence for the replenishment of the chamber by a primitive magma. The stratigraphic level of the replenishment may be marked by prominent reversals not only in cryptic layering (Mg# of mafic minerals or An content of plagioclase) but also, and primarily, in phase layering; that is, by abrupt appearance or disappearance of cumulus phases (see discussion by Latypov & Chistyakova, 2009 ). As noted above, the two lowermost units of the MR are composed of chromite cumulate (chromitite) overlain by olivine cumulate (dunite/harzburgite) (Fig. 3c-f) , indicating a sharp regression in the crystallization sequence from one or two liquidus phases (plagioclase in anorthosite or plagioclase and orthopyroxene in norite) towards two new phases (olivine and chromite) that reappear on the liquidus. Even if the olivine cumulates are not preserved (owing to subsequent erosion; e.g. Page, 2006) , the transition from anorthosite/norite to chromite-bearing orthopyroxenite with associated chromitites is still a sharp regression towards new one-phase (chromite) or twophase (orthopyroxenite and chromite) cumulates. Thus, the reversals in the crystallization sequence represent a significant argument for replenishment of the chamber by primitive magma. One counter-argument is that both the olivine and chromite of the MR are not primary cumulus phases but are instead forced onto the liquidus by the introduction of water from the underlying cumulate pile into a zone of volatile-induced remelting of footwall rocks ( Fig. 29 ; Nicholson & Mathez, 1991) . This interpretation is, however, excluded by the arguments presented above regarding cross-cutting relationships between olivine-rich and orthopyroxene-rich portions of the MR (Smith et al., 2003; Page, 2006; Roberts et al., 2007) as well as the truncation of the MR by the immediately overlying rocks (Figs 7a, b and 8) .
A reason why the Mg# of orthopyroxene (and olivine) in dunitic/harzburgitic and orthopyroxenitic portions of the MR (Mg# 80) is slightly lower than that of orthopyroxene in footwall norite (Mg# 82) is an intriguing petrological question that needs to be explained. Our preferred interpretation is illustrated on a hypothetical phase diagram (Fs, Hed, Fa)-(En, Di, Fo)-An (Fig.  32) . Let us imagine that a resident melt in the chamber has a composition X that is located in the stability field of orthopyroxene (Fig. 32a) . Upon cooling the liquid X crystallizes orthopyroxene (forming orthopyroxenite cumulate) and reaches a cotectic line at point Y where orthopyroxene is joined by plagioclase. The liquid then crystallizes both phases (forming norite cumulate) while evolving along a cotectic line towards a point Z. Throughout this process the Mg# of orthopyroxene gradually decreases and, if at any point along the cotectic line the chamber is replenished by the initial melt X, a reversal towards higher Mg# will inevitably occur. This would be a classic example of a compositional reversal with both phase and cryptic layering recording the entry of more primitive magma into the chamber (Fig. 32c) .
The chamber can, however, be replenished by magma that belongs to a different line of descent, such as primitive melt A (Fig. 32a) . From its position relative to a resident melt Z in the phase diagram it follows that the replenishing magma A is not only saturated in a one-phase assemblage, but also possesses a higher liquidus temperature, MgO content and even MgO/FeO ratio. It will thus also be denser as it is richer in mafic components MgO and FeO (i.e. closer to the base of the ternary plot, Fig. 32) . In other words, this new magma is denser, hotter and, in some sense, more primitive than the resident melt. Nonetheless, as indicated by the tielines, this new primitive magma will crystallize orthopyroxene with Mg# lower than those that precipitated from the more evolved resident melt. This primarily reflects the fact that the En-Fs liquidus-solidus loop tends to become flatter and thinner while moving from the orthopyroxene side towards the orthopyroxeneplagioclase cotectic line (Fig. 32b) . As a result, the magma replenishment will be marked by regression only in the crystallization sequence (back to orthopyroxenite) but not in mineral composition (Fig. 32d ). An important implication is that one cannot deny the replenishment of the chamber by primitive magma on the basis of a lack of reversals in Mg# of mafic minerals (and An content of plagioclase). This logic is valid only for a case involving magmas of the same lineage. The logic, however, fails when replenishing and resident magmas belong to different lines of descent. In this case, mineral composition becomes misleading because the Mg# of mafic minerals and An content of plagioclase by themselves are not an indication of primitiveness of magmas if they are representative of different starting compositions.
To summarize, the field relationships of the MR with footwall rocks require replenishing magmas to have been undersaturated in all phases (i.e. to be superheated), otherwise the chamber floor would soon have become blanketed by newly formed silicate phases, shutting down the erosion process; thus potholes or antipotholes simply could not have been excavated. The direct evidence for the primitive nature of the superheated magma is abrupt regressions in crystallization sequences towards one-phase cumulates, including chromitite, dunite/harzburgite and orthopyroxenite. The new magma followed a different evolutionary path (either it was from a different source or was modified by assimilation/mixing) and therefore produced minerals that are compositionally more evolved than those that crystallized from the resident melt.
Some aspects bearing on the origin of the undercutting MR
In the frame of an erosional model, most apophyses of undercutting MR can be explained in much the same manner as potholes themselves; that is, by melting/dissolution of footwall cumulates along particularly amenable horizons within the footwall, followed by magma crystallization within the resulting cavities. Critically, the lack of deformation of the rocks surrounding the undercutting MR (Figs 8, 13a, b and 21 b) argues strongly against space creation through slumping of pre-existing cumulates. In addition, the selvages of almost pure to mottled anorthosite commonly developed along margins of undercutting MR are indicative of melting/dissolution of host spotted/mottled anorthosite by hot/ superheated magma parental to these reefs. Although these selvages are not always visible at outcrop or even thin-section scale along all undercutting MR apophyses, there is textural evidence for recrystallization of the footwall at the contact with the undercutting MR. Example 7 displays evidence of erosion through the truncation of oikocrysts in the mottled anorthosite ( Fig.  13c and d ) but also indicates a change in the preferred orientation of the long axes of tabular plagioclase crystals at the contact, to forming a fabric parallel to the reef contact, rather than following the general fabric orientation within the footwall, marked by the alignment of crystal shapes (Fig. 21b) . Additional evidence for this is seen from the chromitite seam that is hosted within the plagioclase of the footwall (Fig. 18c and d) . Chromite chadacrysts are hosted in plagioclase oikocrysts, but must have developed during the formation of the MR, after development of the footwall sequence. Therefore, the oikocrysts are interpreted to have developed as a result of late-stage textural coarsening, after partial resorption of the footwall cumulates at the contact to the undercutting MR. Thus evidence for erosion and recrystallization is inferred to be present in all of our examples of undercutting MR. Similar anorthosite selvages commonly occur below normal and potholed MR (e.g. Viljoen et al., 1986a Viljoen et al., , 1986b Ballhaus, 1988; Nicholson & Mathez, 1991; Hutchinson et al., 2015; Latypov et al., 2015) , suggesting that all these types of reefs are probably produced by the same range of processes.
Chromitite seams are commonly developed along the margins of undercutting MR without any notable lateral changes in thickness. This can only be explained by nucleation and crystallization essentially in situ; that is, directly at the crystal-liquid interface. Chromite generally accompanied by sulphide melt was apparently the first liquidus phase that draped all irregularities of the erosional surface of the cavities. With further crystallization, chromite and sulphides were joined by olivine and/or orthopyroxene, which filled in the interior of the cavities. A pertinent question is how the magma became saturated in chromite and sulphide melt. There are two traditional explanations for magma saturation in chromite. The first is contamination of the magma by plagioclase-rich footwall rocks, which potentially can shift the magma into the stability field of chromite (e.g. O'Driscoll et al., 2009 O'Driscoll et al., , 2010 . Given the large extent of erosion observed at the level of the MR, this would appear to be the most obvious explanation. However, Carr et al. (1994 Carr et al. ( , 1999 presented data on initial Sr-isotopic ratios of rocks that indicate little to no contamination of the magma parental to the MR by footwall anorthositic rocks. Our preferred interpretation of this paradox is that the magma that crystallized the MR was probably not identical to the one that eroded its footwall. The initial magma that was intensively contaminated by footwall rocks may have been flushed away by new batches of fresh magma entering the chamber . A second traditional explanation is that mixing may occur during injection of the primitive magma into the chamber, which would drive the hybrid magma into the field of chromite-only crystallization (Irvine, 1977; Irvine et al., 1983) . We do not dismiss this possibility, but are inclined to believe that some of the replenishing magma may already have been saturated with chromite upon emplacement into the chamber (e.g. Naldrett et al., 2012; Latypov et al., 2015; Yudovskaya et al., 2015) .
Similarly, we think that saturation of magma in sulphides is unlikely to occur in response to mixing with a resident melt; this hypothesis has been criticized on various grounds by other researchers (e.g. Cawthorn, 2005a; Seabrook et al., 2005; Barnes et al., 2010; Maier et al., 2013) . Following Naldrett et al. (2011) , we prefer unusual enrichment of the magmas that are parental to the MR in ore-forming elements, especially S and PGE. Following cooling within the chamber, these magmas would become saturated in sulphides. The idea seems logical because there is no reason why such a unique petrological feature as the MR may not have been produced from a magma anomalously enriched in oreforming components. This better explains why unconformities associated with replenishment of the Bushveld chamber are common both below and above the MR, but only this (and the UG2) event resulted in the formation of a world-class PGE deposit. The abrupt disappearance of both sulphides and chromite above the MR is inferred to be associated with formation of the hanging-wall norites from a new magma, which was not saturated in chromite/sulphide. This explains why cumulus sulphide and chromite are exclusively restricted to the MR (Cawthorn, 1999; Mitchel & Scoon, 2007) and absent from the footwall and hanging-wall rocks that formed from pre-and post-Merensky resident melts, which were not saturated in sulphide/chromite. It is quite possible that no chilled margins or maficultramafic sills in the footwall of the Bushveld Complex preserve the composition of the remarkable MR magmatic event. Therefore, the fact that such chilled margins are not (yet) found is not a proper reason to argue that none of the Bushveld magmas were saturated in sulphides at the time of their emplacement in the chamber (e.g. Maier et al., 2013) .
Most undercutting MR apophyses in this study are composed of harzburgite to olivine-rich orthopyroxenite that are commonly considered as crystallization products of the first portions of the olivine-saturated magmas parental to the MR (e.g. Page, 2006; Latypov et al., 2015) . Interestingly, these earlier-formed, olivine-rich varieties are rarely observed within normal MR, probably because they are easily eroded away from flat portions of the chamber floor by subsequent magma pulses. Ease of erosion may have been enhanced by their orthocumulate character. The fact that the undercutting MR (as well as some potholed MR) is often composed of harzburgite to olivine-rich orthopyroxenite may be due to the increased preservation potential of these rocks in depressions and sill-like cavities within footwall rocks. Some distinct zonation patterns in undercutting MR (Figs 22 and 23) are fully consistent with their formation in sill-like environments within footwall rocks. Normal MR does not appear to show such systematic zonation patterns, especially not concentric ones. PGE abundances and ratios in undercutting MR are, however, indistinguishable from those in normal and potholed MR, indicating again that all types of reef are essentially produced by the same range of ore-forming processes.
A remarkable feature that emerged from our study is that PGE tenors (Fig. 23) , and hence R factors (mass ratio of silicate/sulphide melt), are very similar between undercutting and normal MR. This is surprising, as development of the undercutting MR entirely within the cumulate pile should hamper direct physical interaction of the apophyses with the overlying magma reservoir, which is vital to attainment of high PGE tenors. The anomalous concentrations of PGE in undercutting MR can therefore be understood only if they formed in a setting whereby convection continuously delivered fresh magma from the main magma reservoir towards crystallizing surfaces. We therefore suggest that chromite crystals and droplets of sulphide growing in situ along all margins of sill-like cavities scavenged PGE from magma that was continuously brought to the crystallization front through thermal and compositional convection from potholes. This allowed the sulphide droplets to equilibrate with a large volume of basaltic magma and become highly enriched in PGE. Latypov et al. (2015) proposed that two factors were crucial in producing the high concentrations of PGE: the partition of PGE into chromite and sulphide melt (up to 10 6 for sulphides; Fonseca et al., 2009; Mungall & Brenan, 2014) and vigorous convection in the chamber (kilometres per year to kilometres per day; Morse, 1986) . The rate of convection is generally 10 5 -10 7 times higher than that of solidification, which is only in the range of 0Á5-1Á0 cm a -1 in slowly cooled magma chambers (Morse, 1986) . As a result, droplets of sulphide liquid could equilibrate with a volume of magma 10 5 -10 7 times their own volume. Thus droplets of sulphide liquid or chromite crystals growing at the crystal-liquid interface of sill-like cavities had an almost unlimited access to fresh, undepleted magma required for their effective growth and scavenging of PGE.
The observation that appears to contradict our conclusion about in situ crystallization of magma in silllike cavities is above-cotectic proportions of chromite (up to 8%) and sulphides (up to 3%) in some undercutting MR (Figs 22 and 23 ). However, it should be kept in mind that in situ crystallization does not exclude entrainment of crystals and droplets of sulphide melt that were originally attached to pre-existing surfaces. These may be entrained and redeposited in association with convection in the basal layer of magma or subsequent magma influxes. The most likely places for the sedimentation of such transported crystals/sulphide droplets would be in structural traps in the floor of the chamber, particularly potholes and undercutting MR, resulting in the observed non-cotectic amounts of chromite and sulphides (e.g. Fig. 23a ). We consider, however, that in situ crystallization was a major process and the presence of highly mineralized sill-like apophyses of undercutting MR indicates that anomalous PGE concentrations in stratiform horizons of layered intrusions can be achieved during crystallization on crystal-liquid interfaces.
Finally, an important feature of undercutting MR is that it is composed of cumulate rocks with predominantly coarse-grained pegmatoidal textures. Our preferred interpretation for these textures in the normal MR was recrystallization of 'ordinary' orthopyroxenite at the cumulate-magma interface owing to reaction with overlying hot/superheated magma (e.g. Viljoen, 1999; Smith et al., 2003; Cawthorn & Boerst, 2006) . This explanation is supported by the observation that in many places MR pegmatoids are cut by the MR medium-grained orthopyroxenite (Figs 7a, b and 8) . The truncation of MR pegmatoids close to the temporary floor of the chamber indicates that pegmatoidal textures developed at, or immediately below, cumulate-magma interfaces, not through late-stage, fluid-induced melting of primary cumulates buried at some depth within the cumulate pile followed by crystallization of hydrous melt to form the pegmatite (e.g. Nicholson & Mathez, 1991; Mathez & Mey, 2005) .
We propose that the same hypothesis can be applied to the explanation of pegmatoidal textures in undercutting MR. Unlike normal MR, it cannot be affected by hot magma from above, but instead can be affected by magma convecting along sidewalls of potholes. Textural equilibration is common within igneous rocks as a process of minimizing the surface energies of the crystals and is referred to by a variety of names, including textural coarsening (Higgins, 2011) . Textural coarsening is inferred to have affected all the units in the Critical Zone (e.g. Boorman et al., 2004) . However, there is particularly strong petrographic evidence of textural coarsening within the undercutting MR pegmatoids, including (1) rings of chromite grains included within large olivine and orthopyroxene crystals (Fig.  17c ) and (2) plagioclase inclusions in orthopyroxene with irregular and cuspate boundaries ( Fig. 17b and d) . Large chromite grains contain inclusions that are apparently spherical in 2D sections, which retain optical continuity with the surrounding silicate mineral. These have been suggested to form during textural coarsening (e.g. Hulbert & Von Gruenewaldt et al., 1985; Cawthorn & Boerst, 2006) ; however, this interpretation cannot definitively be applied to 2D sections, as the inclusion may have a more complex 3D shapes and still remain attached to the host silicate, rather than being a cut-off segment (e.g. Vukmanovic et al., 2013) .
The CSD data for chromitite within and at the margins of the undercutting bodies also indicate that extensive textural coarsening affected these crystals. All slopes display a downturn at the smallest crystal sizes ( Fig. 19a and b) , indicating growth of the largest crystals at the expense of smaller crystals; that is, Ostwald ripening (Higgins, 1999) . There is also a further indicator of textural coarsening from the rotation of the slopes anticlockwise towards larger grain sizes (Fig. 19a; Higgins, 1999) . The two undercutting bodies do display variations in the location of the largest crystals; Example 5 displays the largest crystals at the upper contact to the anorthosite selvage; whereas Example 7 displays the largest crystals in the centre of the undercutting apophysis (Fig. 19b ). These extremely extensive processes of grain growth are inferred to occur only when grain growth is mediated, at least initially, by an interstitial silicate melt (Higgins, 2011) , indicating that the undercutting MR must have been in contact with, and affected by, convecting magma. The variation in the location of the coarsest chromite grains may directly reflect heterogeneous effects of the proposed interstitial melt (e.g. Higgins, 2011) . The crystal growth was probably promoted through thermal cycling, in association with replenishment of the chamber with new pulses of hot/superheated magma (e.g. Simakin & Bindeman, 2008) , as thermal cycles of even just a few degrees can develop macroscopic coarsening within igneous systems (Higgins, 2011) .
Summary of our model for the origin of undercutting MR
Our hypothesis for the origin of undercutting MR in the Bushveld Complex can be briefly summarized as follows (Fig. 33). (1) New dense, primitive and superheated magma pulses replenished the chamber to generate a basal layer that spread out laterally along the floor of the chamber. (2) Intense thermochemical erosion of the floor cumulates occurred at the base of this convecting basal layer, resulting in circular potholes with attendant undercut cavities extending from pothole margins into the footwall rocks (Fig. 33a) . Recrystallization of the footwall spotted/mottled anorthosite along all surfaces of the chamber floor occured during this period, with more extensive melting/dissolution forming anorthosite selvages. (3) The magma was chromite-saturated and, after cooling, crystallized chromite directly on the chamber floor, pothole margins and cavity sidewalls, draping all irregularities produced by the previous erosion (Fig. 33b) . (4) Chromite and sulphide droplets that grew in situ, directly at the crystal-liquid interface, extracted PGE from a large volume of fresh magma delivered to the base of the chamber by vigorous flow/convection in the magma chamber. On further cooling, these magmas crystallized a chromite-and sulphide-bearing harzburgitic mushy layer from the margins inwards (Fig. 33b) . This in situ crystallization may locally be accompanied by redeposition of crystals and sulphide droplets that grew in situ elsewhere, but were eroded and entrained by the convecting magmas. (5) Multiple replenishments of the chamber by new hot/superheated magmas over a prolonged period of time resulted in several cycles of heating (and probably thermochemical erosion) and subsequent cooling of harzburgitic mush, causing its textural coarsening to produce pegmatoidal textures (Fig. 33c) . (6) At some point the formation of pegmatoidal rocks was terminated by replenishment of new superheated magma that caused melting/dissolution of all cumulates (chromitite, harzburgite, anorthosite, Fig.  33d ). (7) Subsequently, an orthopyroxenite mush crystallized in situ on the erosional surface (Fig. 33e) , which solidified into MR medium-grained orthopyroxenite. We thus consider that the observed features of the undercutting MR can be best explained via a model utilizing extensive erosion of footwall rocks by multiple pulses of superheated magma followed by in situ crystallization on the chamber floor.
Implication for the origin of platinum-rich deposits in layered intrusions Cawthorn (1999) outlined a hypothesis that indicates that a key control on the formation of platinum-rich deposits in layered intrusions is a hiatus in crystallization of the magma in the chamber. This hiatus is thought to be associated with addition of magma to the chamber, during which there was a period of non-deposition or even erosion. It was stated that such periods of non-accumulation of silicate minerals may be important for the accumulation of the PGE, although the exact concentrating mechanism remained unclear (Cawthorn, 1999) . This idea makes perfect sense in the frame of our model, which suggests that the formation of large platinum deposits may be favored by replenishment with pulses of superheated magma. The superheated magma may suspend crystallization for a period of several tens to hundreds of years, allowing chemical/thermal erosion of previous cumulates and marking a distinct period of non-deposition in the chamber. The eventual in situ crystallization following the hiatus will thus have had enough time for huge R factors to be produced owing to a high rate of mass transfer by convection in the chamber. There will thus be a magmatic break in 'normal' crystallization of silicate minerals to allow for sulphide and chromite saturation to occur and for them to interact with a lot of magma (thus generating economic grades) before 'normal' crystallization then resumes. It is quite possible that the same situation can be applied for platinum deposits in other layered intrusions.
Some outstanding questions
There are some observations that should be incorporated into our model in the future. This primarily concerns a growing body of evidence for the disequilibrium in Sr, Nd and Os isotopic mineral compositions in the MR (e.g. Hart & Kinloch, 1989; Kinnaird et al., 2002; Mathez & Waight, 2003; Prevec et al., 2005; Seabrook et (a) PGE-rich, dense and superheated magma enters the chamber and spreads across the floor of the chamber as a basal layer. The resulting thermochemical erosion of cumulates develops sill-like cavities into footwall cumulates and associated anorthosite selvages. (b) This is followed, upon magma cooling, by in situ precipitation of chromite (and sulphide) directly on the irregular erosional surface of the cavities. Chromite and droplets of sulphide melt scavenge PGE from magma that is continuously brought towards the crystal-liquid interface by flowing/ convecting magma. This allows the chromite and sulphide melts to equilibrate with a large amount of basaltic magma. On further cooling, a chromite-and sulphide-bearing harzburgitic mushy layer crystallizes from the margins inwards while sulphide and chromite continue to scavenge PGE from the convecting magma. (c) New hot/superheated magmas replenish the chamber over a prolonged period of time, resulting in multiple cycles of dissolution and precipitation events in the mushy layer; this contributes to recrystallization of the initially medium-grained rocks into ones with pegmatoidal textures. (d) The above process terminates in response to emplacement of new superheated magmas, which results in frontal melting/dissolution of all cumulates (chromitite, harzburgite, anorthosite). (e) In situ crystallization of orthopyroxenite mush onto the resulting erosional surface, which on cooling solidifies into MR medium-grained orthopyroxenite. Partly based on Latypov et al. (2015) . degree of the observed mineral disequilibrium has been shown to be astonishing. For instance, Prevec et al. (2005) documented that cumulus orthopyroxenes in the MR have e Nd values between -7Á46 and -8Á46, whereas interstitial plagioclases have e Nd values of -1Á13 to -3Á37. Such dramatic differences preclude the formation of the MR rocks from the same superheated magma as advocated in our model. Most researchers are of the opinion that the mineral disequilibrium is a result of physical mixing of minerals of different isotopic lineages. The explanation makes sense, but alternative interpretations (e.g. interaction with late-stage interstitial liquid) have not yet been systematically and comprehensively explored (e.g. Fourny et al., 2016) . Clearly, much more work needs to be undertaken to understand what is really standing behind the isotopic mineral disequilibrium in the MR. But before this work is completed we prefer to give the greatest weight to the field evidence.
A further observation that needs to be addressed is the most recent finding by Mungall et al. (2016) that ultramafic layers comprising chromitite and orthopyroxenite in the Upper Critical Zone (UCZ) have distinctly different U-Pb zircon and baddeleyite ages. Following some earlier ideas (e.g. Mitchell & Scoon, 2007; Voourdow et al., 2009; Kruger, 2010) , it has been proposed on this basis that the macrolayering of the UCZ is not due to the traditionally accepted deposition of crystals on the temporary floor of a long-lived magma chamber. Instead, it has been suggested that the noritic rocks of the UCZ formed first and were then intruded by sheet-like bodies of crystal-rich mush, which crystallized into the ultramafic layers. One of these sheet-like ultramafic intrusions was the MR. If these geochronological data are representative of the crystallization of the cumulates, this necessitates a profound reassessment of commonly accepted petrogenetic models for the evolution of mafic-ultramafic layered intrusions and associated magmatic deposits (Mungall et al., 2016) . It is beyond the scope of our study to undertake a detailed petrological analysis of this novel model for the origin of the MR. We would only like to note that this innovative idea is not easily reconcilable with many field observations summarized in this study (e.g. a lack of meandering erosional channels) and should therefore be taken with extreme caution. Clearly, the model must be first comprehensively tested against field observations. A most obvious way to do this is to examine if the U-Pb dating of zircon and baddeleyite is consistent with field relationships documented from the potholes/antipotholes associated with almost all the ultramafic layers of the UCZ. The intrusive interpretation makes a very clear prediction that discordant relationships of truncated pre-existing layers should be just as abundant at the upper contacts of intrusive units as at the bottom contacts; in other words, the top contact of the Merensky unit should be discordant with respect to its hanging-wall rocks. This is a simple test that can easily be applied in the field. If such relationships are not found, then research efforts should be directed toward finding some alternative interpretations of the geochronological data obtained by Mungall et al. (2016) .
CONCLUSIONS
Harzburgite and orthopyroxenite of potholed MR of the Bushveld Complex extend laterally from pothole margins into the footwall rocks for tens of metres, forming sill-like mineralized apophyses that are referred to as undercutting MR. Their origin is best explained through direct, in situ, crystallization of magma within sill-like cavities below the magma chamber floor. The undercutting MR bodies are rich in sulphides and chromite and display whole-rock PGE concentrations that are comparable with, or even greater than, those in normal and potholed MR. One of the most spectacular features of undercutting MR is the common development of chromitite seams along both upper and lower contacts with footwall rocks. As single crystals of silicate minerals and chromite or droplets of sulphide melt cannot penetrate many metres of the inferred solid floor of the chamber by gravity settling, the only option to form undercutting MR is through in situ crystallization of magma along the margins of sheet-like cavities in the footwall rocks. This indicates that scavenging of PGE by sulphides and chromite must have been taken place essentially in situ-that is, directly on magma-cumulate interfaces-and that this process must have been remarkably efficient to concentrate PGE to an economically viable extent (10-60 ppm in grade). This process appears to have been just as efficient in the undercutting environment as in normal 'open' MR, based on the observed similarity in the PGE tenors of the sulphides in both settings. It appears to be possible only if convective magma flow has acted as a conveyor that delivered a large amount of fresh, PGE-undepleted magma towards the crystal-liquid interface. Formation of PGE-rich cumulates in such sill-like bodies is possible because the rate of mass transfer by convection (kilometres per year to kilometres per day) is typically several orders of magnitude higher than the rate of crystallization (0Á5-1Á0 cm a -1
). This means that magma in the apophyses could exchange with the main body of magma in the chamber rapidly, compared with the rate of crystallization in the undercutting bodies. It follows that in situ crystallization was the dominant mechanism for the formation of not only undercutting MR, but also the more common normal and potholed MR, which occur along flat and inclined portions of the chamber floor, respectively. The same inference may be valid for platinum deposits in other layered intrusions that do not display convincing field evidence for in situ crystallization owing to a lack of potholes and their associated sill-like protrusions into footwall rocks. To conclude, the new field, textural and geochemical observations on undercutting MR reinforce our recent conclusion that the formation of PGE deposits in layered intrusions does not require long-range gravitational settling of chromite and sulphide droplets from overlying magma, as implied in most current models (e.g. Campbell et al., 1983; Barnes & Naldrett, 1986; Naldrett et al., 1987 Naldrett et al., , 2009 Naldrett et al., , 2011 Naldrett et al., , 2012 Naldrett, 1989; Barnes & Maier, 2002; Kinnaird et al., 2002; Cawthorn, 2005a Cawthorn, , 2011 . The gravity settling mechanism does not appear to be crucial for the origin of either PGE deposits (Latypov et al., 2008 (Latypov et al., , 2013 or the host layered intrusions (Jackson, 1961; Campbell, 1978 Campbell, , 1996 McBirney & Noyes, 1979; Cawthorn & McCarthy, 1981; Wilson & Larsen, 1985; Jaupart & Tait, 1995; Naslund & McBirney, 1996; Tait & Jaupart, 1996; Namur et al., 2011 Namur et al., , 2015 Latypov, 2015) . The highly mineralized undercutting MR bodies in the Bushveld Complex are remarkable evidence for the attainment of high PGE concentrations in stratiform PGE deposits of layered intrusions through in situ crystallization directly on crystal-liquid interfaces.
